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Chapter 1
General introduction
Nitrification is the oxidative process in 
biochemical nitrogen cycling which subsequently 
converts ammonia to nitrite and nitrate. This 
process plays an important role in a variety of 
ecosystems. Nitrification has a great impact on 
environmental processes, such as weathering of 
soils and eutrophication of surface and ground 
waters due to high input of fertilizer (Hall 1986, 
Van Breemen and Van Dijk 1988, Prosser 1989). 
Nitrate is also far more mobile than ammonia and 
can be readily lost from agricultural systems, 
contributing to nitrate contamination in drinking 
water supplies. Under low oxygen conditions, 
nitrification can produce unfavorable byproducts 
like the greenhouse gasses NO and N2O. N2O is 
also believed to contribute to ozone depletion 
(Crutzen 1981). On the other hand, nitrification 
can be applied to ameliorate anthropogenic 
damage to the environment. Nitrogen removal 
in sewage treatm ent plants is initiated  by 
nitrification. Nitrification has no direct impact on 
the overall nitrogen budget, because it neither 
adds nor removes nitrogen, but simply changes 
its oxidation state. However, nitrification links 
ammonification to denitrification, thus linking 
organic matter decomposition to loss of fixed 
nitrogen (Ward 1996).
There is a range o f autotrophic and 
hetero troph ic  m icroorganism s capable of 
producing-oxidized nitrogenous compounds, but 
the chemolithotrophic nitrifying bacteria are 
probably the most important group (Killham 
1986). These bacteria are the only known 
organisms capable of gaining energy from the 
oxidation of ammonia and nitrite. The turnover 
of these compounds by nitrifiers is much higher 
than for heterothrophic bacteria and fungi 
(Kuenen and Robertson 1987). A significant 
contribution of heterotrophes to the nitrification 
process has only been reported in acid forest soils 
(Killham 1990). Hence, the autotrophic nitrifying 
bacteria represent an important step in global 
nitrogen cycling, and play an important role in 
diverse ecosystems.
Introduction Physiology
The process of autotrophic nitrification 
is the aerobic oxidation of ammonia (NH4) to 
nitrate (NO3-) via nitrite (NO2-). The first step, 
the oxidation of ammonia to nitrite is a two-stage 
reaction and is exclusively perform ed by 
chem olitho-autotrophic ammonia-oxidizing 
bacteria. The first reaction is performed by the 
enzyme ammonia monooxygenase (AMO), which 
is a two component membrane bound enzyme 
with low substrate specificity. Ammonia is 
oxidized to hydroxylam ine by AMO in a 
energetically unfavorable reaction:
NH3 + O2 + 2H+ + 2e- û  NH2OH + H2O
Non-polar compounds like carbon mono­
oxide, m ethane, a liphatic  carbohydrates, 
dim ethylether and other carbohydrates can 
compete with ammonia. Acetylene, nitrapyrin, 
a lly lth iou rea  and su lfur com pounds are 
irreversibly inhibiting the activity of the AMO 
enzyme (Hall 1984, Hyman and Wood 1985, 
Juliette et al. 1993).
The second reaction is performed by the 
enzyme hydroxylamine oxidoreductase (HAO). 
The ultrastructure of the HAO protein has been 
well characterized (Sayavedra-Soto et al. 1994). 
This second step is the electron generating 
reaction:
NH2OH + H2O û  HNO2 + 4H+ + 4e-
A lthough the flow  o f e lectrons in 
am m onia-oxidizing bacteria  has not been 
demonstrated experimentally, it is believed that 
two electrons are transported back to the AMO 
reaction. The released electrons are chemically 
used in the reduction of oxygen:
2H+ + 2e- + 0.5O2 û  H2O
Interm ediates released in the HAO 
reaction can be nitroxyl (NOH) and nitric oxide 
(NO). The main source for carbon is CO2, which
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is assimilated in the Calvin cycle. This consumes 
80% o f the energy generated  by 
chemolithotrophic nitrification. For each fixed 
carbon, 35 molecules of ammonia are needed 
(Wood 1986). This explains the low growth yield 
and growth rate of ammonia oxidizers with a 
minimum doubling time o f 7 hours. Some 
ammonia oxidizers can also grow mixotrophically 
with simple organic compounds like pyruvate, 
acetate and formate, while nitrite can act as 
electron acceptor (Koops et al. 1992). Under 
oxygen-limiting conditions molecular nitrogen 
(N2), nitric oxide and nitrous oxide (N2O) can be 
products of aerobic denitrification. Nitrogen 
compounds like urea can also serve as nitrogen 
and energy source for some strains. Urease, which 
is needed for the release of ammonium, is present 
in a broad range of ammonia-oxidizing bacteria. 
Although some lineage’s have lost the enzyme 
during evolu tion  (K oops, personal 
communication). Ammonia-oxidizing bacteria are 
sensitive to light (Hooper and Terry 1974). The 
optimum pH of most cultured strains is around 
7.8 with pH 5.8 and pH 9.0 as limits (Bock et al.
1992). Anaerobic ammonia oxidation and growth 
has been reported for Nitrosomonas eutropha 
(Schmidt and Bock 1997) as well as for an 
unrelated organism which differs in its physiology 
markedly from other ammonia-oxidizing bacteria 
(Strous 1999).
Nitrite oxidizers gain energy from the 
conversion of nitrite to nitrate:
NO2- + 0.5 O2 û  NO3-
The enzyme nitrite oxidoreductase is the 
key enzyme in this process. Also the process is 
reversible and Nitrobacter cells are able to grow 
by denitrification in anaerobic environments 
(Bock et al. 1992), NO can serve as a alternative 
substrate (Freitag and Bock 1990). N itrite 
oxidizers within the Nitrobacter genus can grow 
heterotrophically. This indicates a complex 
electron-transport system, although detailed 
mechanisms of the coupling of nitrite oxidation 
to a proton motive force have yet to be elucidated. 
Nitrobacter and other chemolithotrophic nitrite- 
oxidizing bacteria need 85-115 molecules of
nitrite to fix one carbon in the Calvin cycle for 
autotrophic growth. This maybe explains the slow 
growth rate and low growth yield of nitrite 
oxidizers. Minimum doubling time of 13 hours 
have been reported (Bock et al. 1992).
Ammonia oxidation is believed to be the 
rate-limiting step in the process of nitrification, 
since accumulation of nitrate, and not nitrite, is 
most commonly observed. This determine the 
ammonia-oxidizing bacteria to key organisms in 
nitrification, determining the rate of nitrification 
in oxic environments.
Ecology of ammonia-oxidizing bacteria
Due to the chemolitho-autotrophic nature 
of the ammonia-oxidizing bacteria, nitrification 
rates in the environment will be controlled by 
concentrations of ammonium, oxygen and carbon 
dioxide (P rosser 1989, L aanbroek  and 
Woldendorp 1995). As is the case with other 
bacteria, temperature, moisture, pH as well as 
the presence of grazing bacteriovorous protozoa 
will also regulate the activity of the ammonia- 
oxidizing bacteria. Knowledge concerning the 
physiological potentials of the diferent ammonia- 
oxidizing bacteria in the environment is scarce. 
Due to the relative ease with which the species 
Nitrosomonas europaea can be grown and 
maintained in pure culture in the laboratory, the 
majority of ecophysiological studies have been 
lim ited  to th is organism . In com petition 
experiments with heterotrophic bacteria for 
limiting amounts of ammonium, N. europaea has 
been shown to be a bad competitor in chemostats, 
in non-water-saturated soil columns and in the 
rhizosphere of plants (Verhagen and Laanbroek 
1991, 1992, Verhagen et al. 1995). With respect 
to competition for limiting amounts of oxygen, 
it was demonstrated that the specific affinity per 
cell was greater for N. europaea than for nitrite 
oxidizers and a heterotrophic bacterium growing 
on glucose or glutamate (Laanbroek and Gerards 
1993, Laanbroek et al. 1994, Bodelier and 
Laanbroek 1997). However the heterotrophic 
bacterium used in these studies had a larger 
growth yield, allowing the heterotrophic bacteria 
to win the competition for limiting amounts of
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oxygen and leading to a repression of nitrification. 
Nothing is known about the kinetic abilities of 
the other ammonia-oxidizing species with respect 
to limiting amounts of ammonium and oxygen.
Ammonia oxidizers need oxygen and 
plants can create niches for ammonia-oxidizing 
bacteria in root- oxygenated sediments. In the 
light, benthic algae and cyanobacteria present in 
upper sediment layers will have an effect on the 
environment of the ammonia-oxidizing bacteria 
by producing oxygen, consuming ammonium and 
carbon dioxide and increasing pH in the upper 
part o f the sedim ent. H ence, p lan ts and 
m icrophytobenthos will probably also be a 
governing factor in the composition o f the 
am m onia-oxidizing com m unity in aquatic 
environments.
Phylogeny of chem olithotrophic nitrifying 
bacteria
Gram-negative ammonia- and nitrite- 
oxidizing bacteria belong to the family of the 
Nitrobacteraceae due to their physiology and 
m orphology (W atson et al. 1989). Further 
classification was originally based on oxidation 
of either ammonia or nitrite and on secondary 
fea tu res like cell shape and m em brane 
ultrastructures (intracytoplasm atic like and 
thylakoid like structures) (Watson et al. 1989). 
Phenotypic characteristics are not efficacious for 
differentiation of these organisms and genotypic 
analysis is needed for phylogenetic placement.
Early reports on genotypic analysis of 
ammonia-oxidizing bacteria were based on DNA 
homology experiments and GC content (Dodson 
et al. 1983, Koops and Harms 1985, Koops et al. 
1991). Phylogeny of nitrifying bacteria has later 
been refined based on 16S rDNA sequences. 
Head et al. (1993) first reported phylogenetic 
placement of autotrophic ammonia-oxidizing 
b acteria  based  on 16S rRNA sequences. 
Supplementary data on nitrite oxidizers and 
thoughts about evolutionary relationships 
followed (Teske et al. 1994). Chemolithotrophic 
nitrifying bacteria are phylogenetically divers in 
the bacteria kingdom. Ammonia oxidizers appear 
in the ß- and g -su b g ro u p s (subclasses,
Genus Phylum (subgroup) Function
Table1 Phylogeny of nitrifying species
Nitrobacteraceae Proteobacteria
Nitrosomonas * ß Ammonia oxidizer
Nitrosospira ß Ammonia oxidizer
Nitrosococcus ** y Ammonia oxidizer
Nitrobacter a Nitrite oxidizer
Nitrococcus y Nitrite oxidizer
Nitrospina 8 Nitrite oxidizer
Nitrospira New lineage*** Nitrite oxidizer
Including Nitrosococcus mobilis
** Excluding Nitrosococcus mobilis 
*** Not yet recognized in the Approved List o f Bacterial 
Names
subdivisions) of Proteobacteria, while nitrite 
oxidizers are among the a - ,  5 -  and g-subgroups 
of the Proteobacteria. Nitrospira has its own 
lineage (Table 1) based on 16S rDNA analysis. 
The ß-subgroup ammonia oxidizers are divided 
in two clades: Nitrosomonas and Nitrosospira. 
The Nitrosospira clade contains the former 
classified genera Nitrosolobus and Nitrosovibrio, 
and Nitrosomonas contains the former species 
Nitrosococcus mobilis. The g-subdivision of 
ammonia-oxidizing bacteria contains two marine 
strains of Nitrosococcus oceanus ( Nitrosococcus 
oceani nom. corrig.: Trüper and De’Clari 1997).
Studies o f am m onia-oxid izing  
communities in their natural habitat have led to a 
more extensive classification of these bacteria. 
Based on 16S rDNA probe sequence analysis, 
subgroupings w ith in  the Nitrosomonas/ 
Nitrosospira clades were suggested by Wagner 
et al. (1995). Analysis of environmental clone 
libraries containing a variety of ß-subgroup 
ammonia oxidizer-like sequences, suggested 
further subdivision of the clades into sequence 
clusters as proposed by Stephen et al. (1996). 
The Nitrosomonas clade was subdivided into 
clusters 5,6,7 and the Nitrosospira clade in 
clusters 1,2,3 and 4. The Nitrosomonas/ 
Nitrosospira clades have been expanded further 
with 16S rRNA sequences from new isolates and 
gave further delineation of the taxonomy of 
ammonia-oxidizing bacteria (Pommerening-
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Röser et al. 1996, Utâker et al. 1996, Suwa et al. 
1997, M izoguchi et al. 1998). Successive 
environmental analysis of freshwater habitats led 
to a yet unresolved diversity within Nitrosomonas 
cluster 6 (Chapter 2) indicating a possible 
subdivision within this group, which has been 
designated as sub-cluster 6a (Stephen et al. 1998, 
De Bie et al. 1999).
Molecular detection methods of ammonia- 
oxidizing bacteria
Classical characterization methods and 
phylotyping of environments were based on 
morphology, GC content, lipid profiles and 
immunofluorescence. These techniques required 
isolation and cultivation methods like selective 
plating, chemostats and dilution series in batch 
cultures. Culture based estimates of numbers of 
ammonia-oxidizing bacteria in the environment 
have usually relied upon most probable number 
(MPN) methods (Both and Laanbroek 1992). The 
most serious disadvantages of the MPN method 
is its selectivity towards particular strains which 
grow best under the given growth conditions. 
Cells may grow as aggregates or are attached to 
particles in the environment and fail to grow in 
MPNs or other culture based methods (Gerards 
et al. 1998). These biases may lead to the 
enrichment of strains in the MPN’s that are not 
actually dominant in the environment studied. 
Direct detection of ammonia-oxidizing bacteria 
in the environment has become an important goal 
as the above described methods have been 
unsatisfactory for the characterization of actual 
ammonia-oxidizing community structure in the 
natural environment.
The first report on serological detection 
o f am m onia-oxidizing bacteria  in natural 
environments was from Belser and Schmidt 
(1978). Immunofluorescent assays were later also 
applied in marine systems (Ward 1982, Ward and 
Carlucci 1985). Smorczewski and Schmidt 
(1991) used a more sophisticated approach. In 
their study, diversity of enrichment cultures in 
M PN tubes was characterized in term s o f 
serological reactivity by screening with polyclonal 
species-specific antisera. This study revealed the
presence o f previously unknown nitrifying 
bacteria. The major disadvantage of fluorescent 
antibody techniques remains the dependence on 
the culturability of the target organisms for the 
production of the specific antibodies. Also, the 
specificity of the antigens is often unknown, and 
effects of phenotypic plasticity are uncertain. For 
these reasons, the use of genetic markers for the 
detection o f ammonia oxidizers has gained 
considerable popularity. Several genes o f 
am m onia-ox id iz ing  b acteria  have been 
investigated as potential targets for analyzing 
natural ammonia oxidizer communities.
Analysis of ribosomal genes (rRNA) and 
inter-transcribed spacer regions (ISR) are widely 
applied in studying m icrobial genetics in 
microorganisms (Pace 1997). Organization of the 
rRNA gene clusters in the rrn operon of bacteria 
is 16S-23S-5S (Gurtler and Stanisich 1996). ISR 
research of 12 strains of ammonia oxidizers 
resulted in only one 16S rRNA and one 23S 
rRNA copy for each isolate, indicating only one 
copy number of the rrn operon in ammonia- 
oxidizing bacteria (Utâker 1996). This result is 
consistent with the low growth rates typical of 
ammonia-oxidizing bacteria. This feature adds to 
the attractiveness of the rRNA approach for the 
detection o f these bacteria. Probes can be 
designed for the single copy of the rRNA gene 
without considering the heterogeneity among 
gene copies within a species. Also the copy 
number itself is not a concern when trying to 
interpret 16S data in terms of cell numbers in the 
environment. The evolutionary rate in ISRs is 10 
timer higher than in e.g. 16S rRNA (Bourget
1996) so ISRs are more discriminative than the 
more widely applied 16S rRNA gene, however 
this marker can only be used to detect recently 
evolved diversities and cannot be used to compare 
distantly related organisms. The high level of 
sequence variation and differences in length also 
complicate phylogenetic analysis (Yoon et al
1997). Although the discriminative capacities of 
the ISRs can be very useful for analyzing closely 
related ammonia-oxidizing bacteria, knowledge 
of the ISR is limited. Probes targeting this genetic 
marker have yet to be thoroughly tested for 
environmental application.
12
Chapter 1
16S rRNA directed analysis has become 
the approach of choice for the study of diverse 
microbial groups and is supported by large 
database of reference sequences (Maidak 1999). 
It has also been successfully used to characterize 
ammonia oxidizer communities. Early 16S rDNA 
directed environmental analysis of ammonia- 
oxid iz ing  b acteria  in com bination  w ith 
physiological data was reported for an estuarine 
system (Stehr 1995). Isolates from enrichments 
were analyzed for physiological properties, GC 
content and their 16S rDNA sequence. Voytec 
and Ward (1995) presented a PCR based 
technique in their attempt to specifically amplify 
ammonia-oxidizing bacteria without cultivation 
methods. Unfortunately their primers were 
designed from only a small number of ribosomal 
sequences available at that time. Even with this 
limited database these authors already recognized 
the fact that the detection of ß- and g-subgroup 
am m onia-oxidizing bacteria by 16S rDNA 
analysis should be performed with separate primer 
sets. Based on a larger database o f known 
culturable am m onia-oxidizing 16S rDNA 
sequences, primers were designed which should 
specifically amplify the ß-subgroup of ammonia- 
oxidizing bacteria (Hiorns et al. 1995). These 
authors concluded that the most commonly 
detected sequences originated from species not 
observed in culture-based studies, highlighting the 
unreliability of cultivation-based methods in 
analyzing environmental samples.
Subsequent studies perform ed with 
primers based on this small 16S rDNA database 
of culturable ammonia oxidizers produced similar 
results (Ward et al. 1997, Hovanec et al. 1996, 
Hastings et al. 1997, 1998). Another approach 
in environmental analysis of ammonia-oxidizing 
bacteria was adopted by McCaig et al. (1994). 
These authors selected a primer set that not only 
amplified all known ß-subgroup ammonia- 
oxidizing bacteria but also closely related non 
ammonia-oxidizing organisms. The semi-specific 
nature of this primer set is believed to cover the 
entire breadth o f the ß-subgroup ammonia 
oxidizer clade. Clone libraries constructed with 
this primer set (Stephen et al. 1996, Chapter 2) 
have contributed to the large database of ß-
subgroup ammonia oxidizer-like sequences now 
available. This has facilitated further primer and 
probe improvement (Chapter 2, Utâker and Nes 
1999). Also several new isolates from ammonia- 
oxidizing bacteria have been analyzed for their 
16S rDNA (Utâker et al. 1996, Pommerening- 
Röser et al. 1996).
The increased database for ammonia 
oxidizer 16S rDNA sequences not only supported 
the Nitrosomonas/ Nitrosospira distinction, but 
also suggested the presence of distinct sequence 
subgroups (Stephen et al. 1996). In addition, 
primer sets became available for a more inclusive 
targeting of the ß-subgroup ammonia-oxidizing 
bacteria by PCR (Kowalchuk et al. 1997). The 
use of denaturant gradient gel electrophoreses 
(DGGE) has facilitated the separation of mixed 
PCR products, derived from ammonia oxidizer 
specific PCR, into the constituent populations of 
16S rDNA sequences. DGGE band can be 
excised for sequence analysis (Ferris et al. 1996, 
Kowalchuk et al. 1997). Furthermore, the design 
of probes to identify specifically the ß-subgroup 
sequence clusters has allowed for a rapid 
assessment of ammonia oxidizer communities 
(Stephen et al. 1998). Specific probes targeting 
16S rRNA had already been applied to in situ 
hybridization experiments (Wagner et al. 1995). 
However to date the direct detection of ß- 
subgroup ammonia-oxidizing bacteria in the 
environment had only been successful in activated 
sludge samples and biofilms where nitrification 
activity and nitrifier numbers are high (Wagner 
et al. 1995, 1996, Mobarry et al. 1996, Schramm 
et al. 1996). In more natural environments, the 
number of ammonia oxidizers will probably much 
lower and a low level of rRNA in the cells can 
also be expected. In addition, probe access to 
intracellular targets can also be an obstacle in 
d irec t detec tion  o f  cells in the natural 
environm ent. The PCR, DGGE, probing 
approach has been used to identify shifts between 
ammonia oxidizer populations (McCaig et al. 
1999).
Little progress has been made to date in 
the molecular analysis of g-subgroup ammonia- 
oxidizing. It is thought that these bacteria are 
limited to marine habitats, from which all known
13
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strains have been isolated. The monophyletic 
nature of ß-subgroup ammonia-oxidizing bacteria 
facilitates the use of a 16S rRNA approach, but 
this genetic m arker is probably too highly 
conserved to reliably distinguish between closely 
re la ted  am m onia ox id izer popula tions 
(Rotthauwe et al. 1995, 1997). Other target genes 
are therefore necessary for the fine scale analysis 
of ammonia-oxidizing communities.
Ammonia monooxygenase (AMO), the 
first enzyme used in the oxidation of ammonium, 
is unique to chem olithotrophic am m onia- 
oxidizing bacteria. The amoA gene encodes the 
a -subunit o f AMO, a 32 kDa polypeptide 
containing the active site of the enzyme. Since 
the first sequence of amoA was published 
(McTavish et al. 1993) primers and probes have 
been designed for targeting amoA genes. The first 
report o f an amoA directed environmental 
analysis was by Sinigalliano et al. (1995). They 
set up a PCR-based method for the detection of 
native marine ammonia-oxidizing bacteria. The 
primer set used had been shown to amplify several 
culturable Nitrosomonas and Nitrosococcus 
strains, but the authors recognized that later 
submitted amoA sequences of Nitrosospira and 
Nitrosolobus had betw een three and five 
mismatches with their primers. A nested PCR 
approach was subsequently applied to soils and 
freshwater systems, but did not result in new 
environmental amoA sequences (Hastings 1997,
1998).
O ther amoA-re la ted  prim ers w ere 
designed and tested and these have been proven 
to amplify specifically ammonia-oxidizing 
bacteria of the ß-subclass of Proteobacteria 
(Rotthauwe et al. 1997). This primer set has since 
been refined and applied in various environments 
(Stephen et al. 1999, Chapter 4). The results led 
to more insight in communities of ammonia- 
oxidizing bacteria and steps can now be made in 
coupling 16S rDNA data with data on amoA 
genes. Although amoA gene-based analysis 
appears to be a promising detection tool, caution 
should still be taken in phylogenetic analysis. The 
gene coding for the a-subunit of the particulate 
methane monooxygenase (pmmo) is related to 
the amoA gene. It is more related to the amoA
gene of g-subgroup ammonia-oxidizing bacteria 
than the amoA genes of the ß- an g-subgroup 
ammonia oxidizers are to each other (Holmes et 
al.1995a, b). This feature makes it difficult to 
design a universal amoA-directed universal probe 
or primer set that excludes methane oxidizers. 
As with 16S rDNA, environmental amoA directed 
analysis is mostly restricted to the ß-subgroup of 
ammonia oxidizers although separate primer sets 
for g-ammonia oxidizers could be designed.
The characterization of other metabolic 
or functional genes specific to ammonia-oxidizing 
bacteria, like amoB (McTavish 1993), genes for 
hydroxylam ine ox idoreductase  (HAO) 
(Sayavedra-Soto et al. 1994) and genes for 
cytochrome c-554 (Cyt c-554) (Bergmann et al.
1994) allowed probe design specific for non- 
PCR-based detection methods such as southern 
blot analysis. These four functional genes in the 
am m onia-ox idation  are though t to have 
undergone varying degrees of divergence. DNA 
regions encoding the active site of HAO have 
been proposed as the best probe sites for non- 
PCR-based molecular analysis of ammonia- 
oxidizing communities (Bruns et al. 1998). No 
detailed phylogenetic analysis has yet been 
retrieved from these experiments, but future 
sequencing of functional genes may allow further 
primer and probe design.
Molecular detection methods for nitrite- 
oxidizing bacteria have not yet been well 
developed. Nitrite oxidizer-like sequences have 
been recovered in clone libraries constructed with 
PCR products obtained using eubacterial domain- 
directed primers (Burrel et al. 1998, Hovanec et 
al 1998, Juretschko et al. 1998). Specific 
amplification of nitrite-oxidizing bacteria is only 
reported for the genus Nitrobacter (Navarro et 
al. 1992, Degrange and Bardin 1995). Nitrobacter 
is regarded as the most dominant genus in soil 
(Navarro 1992, Laanbroek and Woldendorp
1995) and other ecosystems (Watson et al. 1989). 
Recent genotypic analysis of bacteria in man- 
made environm ents how ever has revealed 
Nitrospira as the dominant nitrite-oxidizing genus 
(B urrel et al. 1998, H ovanec et al 1998, 
Juretschko et al. 1998).
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Outline
In m ost ecosystem s, chem olitho- 
autotrophic bacteria are the most important 
players in the oxidation of ammonia to nitrate 
(Killham 1986). Despite their significant role in 
the ecosystem, hardly anything is known about 
the physiological capacities of the different 
indigenous nitrifying bacteria in relation to the 
environmental conditions. The number and 
diversity of isolated species remains restricted. 
However, molecular 16S rDNA-directed analysis 
o f m arine, brackish , freshw ater, soil and 
wastewater treatment system environments has 
revealed a large diversity of new sequences. This 
indicates that ecological significant species may 
not have been isolated and characterized in 
culture.
The main goal of this thesis was to adopt 
and refine molecular techniques for the analysis 
of ammonia-oxidizing communities in freshwater 
sediment habitats. These bacteria perform the first 
step in the process of nitrification and are thought 
to be the key organisms in this process. With
molecular biological techniques, indigenous 
ammonia oxidizer populations were identified in 
a variety o f aquatic environm ents, mainly 
freshwater. Distribution and diversity of ß- 
subgroup ammonia oxidizers were determined in 
freshwater environments by the construction of 
clone lib raries  (C hapter 2). B iases in 
environmental analysis introduced by molecular 
m ethods were also exam ined (Chapter 3). 
Analysis of environments was also carried out 
using the functional gene marker amoA (Chapter 
4). A species specific PCR and DGGE including 
direct sequencing and southernblot hybridization 
were developed. An environmental survey was 
made to determine the distribution of ammonia- 
oxidizing bacteria in ammonium, oxygen and salt 
gradients of the Schelde estuary (Chapter 5). 
Attempts were made to enrich environmentally 
significant ammonia oxidizers and determine their 
physiological characteristics (Chapter 6). Finally, 
a synthesis is given relating the observations to 
former studies and addressing the direct analysis 
of ammonia-oxidizing bacteria in their natural 
environments (Chapter 7).
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Recovery of a Nitrosomonas-like 16S rDNA sequence group 
from freshwater habitats
Arjen G.C.L. Speksnijder1, George A. Kowalchuk2, Kees Roest1 and Hendrikus J. Laanbroek1
1 Netherlands Institute of Ecology - Centre for Limnology, Rijksstraatweg 6,
3136 AC Nieuwersluis, the Netherlands
2 Netherlands Institute of Ecology - Centre for Terrestrial Ecology, Boterhoeksestraat 22,
6666 ZG Heteren, the Netherlands
In order to study the diversity of ammonia-oxidizing bacteria in freshwater habitats, including 
sediments, a molecular approach focused on the sequencing of 16S rDNA was adopted. 16S 
rDNA sequences showing affinity with the ß-subgroup of ammonia-oxidizing bacteria were 
recovered by specific PCR of directly isolated DNA from freshwater samples, and samples 
from brackish water and Glyceria maxima rhizosphere were included in the analysis for 
comparison. The ammonia oxidizer-like sequences recovered from several locations, which 
exhibit differences in the composition of their total microbial communities as indicated by 
denaturing gradient gel electrophoresis, formed a strong monophyletic cluster including 
Nitrosomonas urea. This is the first report presenting sequences from an apparently dominant 
group of Nitrosomonas-like organisms among the ß-subgroup of ammonia-oxidizing bacteria 
in freshwater environments. This group of sequences extends the known diversity within the 
ß-subgroup of ammonia oxidizers. The new sequences related to Nitrosomonas urea do not 
match with some published primers and probes designed for the detection of Nitrosomonas 
species, which may explain why these sequences have not previously been detected in freshwater 
habitats. The sequence diversity detected within this group of sequences was minimal across 
the environments examined, and no patterns of distribution were indicated with respect to 
environmental factors such as sediment depth or location.
Introduction
Chemolithotrophic ammonia-oxidizing 
bacteria, which carry out the conversion of 
ammonia to nitrite, are critical to the global 
cycling o f nitrogen (Prosser 1989). These 
organisms have been shown to comprise two 
monophyletic groups within the Proteobacteria, 
based upon 16S rDNA sequence analysis (Head 
et al. 1993, Teske et al. 1994, Woese et al. 1984, 
1985). One group, within the g-subgroup of the 
Proteobacteria, contains marine strains belonging 
to the genus Nitrosococcus. The other group, 
within the ß-subgroup of the Proteobacteria, 
contains the genera Nitrosomonas  and 
Nitrosospira, the la tte r encom passing the 
previous genus designations Nitrosolobus and
Nitrosovibrio (Head et al. 1993). The ß-subgroup 
ammonia-oxidizing bacteria have been the subject 
of intense research in recent years and have been 
displayed as being responsible for the majority 
of the ammonia oxidation in a variety of habitats 
(B elser 1979, H all 1986, L aanbroek  and 
Woldendorp 1995).
A m m onia-oxid izing  b acteria  are 
notoriously refractory to traditional laboratory 
culture techniques, and their slow growth rates 
and low  m axim um  grow th y ie lds have 
com plicated the study o f their ecological 
importance and in situ diversity. Furthermore, the 
use o f lipid profiles has failed to provide 
satisfactory discriminatory capabilities for the
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genera that have been examined (Blumer et al. 
1969). However, the monophyletic nature of the 
ß-subroup Proteobacteria ammonia oxidizers has 
recently facilitated the use of molecular biological 
strategies targeting the 16S rRNA gene to study 
the distribution and diversity of these organisms 
in various environments, including freshwater 
habitats (Ward et al. 1997, Hiorns et al. 1995). 
The recovery of16S rDNA sequence information 
directly  from the environm ent after PCR 
amplification using primers designed to target the 
full breadth of the ß-subgroup ammonia oxidizer 
clade has revealed that the total diversity of 
recoverable sequences which show affinity with 
the ß-subgroup ammonia-oxidizing bacteria 
exceeds the diversity of culture collection isolates 
(McCaig et al. 1994, Stephen et al. 1996). 
Currently available sequence inform ation 
iden tifies at least seven phylogenetically  
supported clusters w ithin the ß-subgroup 
amm onia oxidizers, four w ithin the genus 
Nitrosospira and three designated within the 
genus Nitrosomonas (Figure 1; Stephen et al. 
1996). It has also been shown that the presence 
o f these different sequence clusters can be 
coupled with environmental gradients such as pH 
and ammonia concentration. (Kowalchuk et al. 
1997, Stephen and M cC aig personal 
communication).
The preservation and m onitoring of 
freshwater lake and river systems are of both 
econom ic and environm ental im portance 
(Laanbroek et al. 1996). The increased ammonia 
deposition in recent decades due to intense 
agricultural runoff and industrial input has 
elevated nitrogen levels in many freshwater 
systems (Van Breemen and Van Dijk 1988). 
Nitrification in such habitats can lead to nitrate 
contamination in sources of drinking water as well 
as habitat acidification and eutrophication (Hall 
1986, Prosser 1989). However, relatively little is 
known about the diversity and distribution of 
ammonia-oxidizing bacteria in such systems. It 
w as therefo re  our goal to use m olecular 
techniques targeting the 16S-rDNA to describe 
the sequence diversity  o f the ß-subgroup 
ammonia oxidizers inhabiting a variety of 
freshwater pelagic and sediment environments.
Materials and methods
Sample sites and sampling procedure
The studied sample sites are listed in Table 
1. Water column samples were taken from the 
Lake IJsse lm eer at M edem blik  (5 °3 4 ’E, 
52°50’N), the river IJssel (5°50’E, 52°35’N), and 
the Schelde estuary (4°20’E, 51°12’”N). Lake 
IJsselmeer was formed by the closing off of the 
saltwater Zuiderzee by a dam in 1933 and is the 
largest freshwater lake in the Netherlands (1190 
km2). The river IJssel splits off from the river 
Rhine and feeds into Lake IJsselmeer. The 
Schelde estuary system is described elsewhere 
(Goosen et al. 1995) and was used as a brackish 
water reference. Water samples were taken by 
filtering 50ml of a mixed sample, pooled from 
different depths, over a polycarbonate filter (25 
mm diameter 0.2|im cut-off, BA83 Schleicher and 
Schuell, Dassel, Germany).
Multiple sediment samples were taken 
from Lake Gooimeer (5°10’E, 52°18’N, non- 
clayey moderately coarse sand, 26 km2 surface 
area) and Lake Veluwemeer (5°38’E, 52°22’N, 
non-clayey medium fine sand, 32 km2 surface 
area). These tw o lakes, as w ell as Lake 
Drontermeer (see below), are man-made lakes 
used for the water management of land areas 
reclaim ed from the southern part o f Lake 
IJsselmeer. Lake Reeuwijk (4°45’E, 52°02’N, 
non-clayey coarse sand, 9 km2 surface area) is 
also an artificial lake, formed by the flooding of 
a former sand winning area. Sediment sampling 
was performed with plastic core samplers with a 
diameter of 5 cm. The sediment in each core was 
pushed upwards with a plunger allowing 5 mm- 
thick layers to be sliced off with a sterile razor 
blade. pH measurements were determined at the 
sampling site. Lake Drontermeer rhizosphere 
sediments (5°50’E, 52°28’N, non-clayey medium 
fine sand, 6 km2 surface area) were sampled 
according to Bodelier et al. (1996).
DNA extraction
DNA was extracted and purified from 
water and sediment samples using a modification 
of the method described by Kowalchuk et al. 
(1997) and Stephen et al. (1996). 0.5 g sediment
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sample or a polycarbonate filter containing 
filtered water samples was added to a 2-ml screw- 
cap tube containing 0.5 ml TE (Tris 10mM/EDTA 
1mM pH 7.6) buffer, 0.5 ml TE saturated phenol 
(Gibco Laboratories, Detroit, MI, USA) and 0.5 
g 0.1 mm diameter acid-washed Zirconium beads 
(Biospec Products, Bartlesville, OK, USA). The 
tubes were shaken at 5K rpm for four times 30 
seconds in a Mini Beadbeater (Biospec Products) 
and chilled on ice between shaking periods. After 
centrifugation for 3 minutes at 5K x g, 0.5 ml of 
the aqueous layer was removed and extracted 
once w ith  0.5 ml pheno l/ch lo ro fo rm / 
isoamylalcohol 25:24:1 (Gibco) and one time 
with chloroform/isoamylalcohol 24:1. 0.4 ml of 
remaining aqueous layer was recovered for 
subsequent DNA precipitation with 0.1 volume 
3M sodium acetate pH 5.2 and 2 volumes ethanol 
for 3 hours at -20°C. DNA was pelleted at 13K 
x g for 20 minutes and was washed once with 
70% ice cold ethanol. After air drying, the pellet 
was resuspended in 40 ml TE. 
Polyvinylpolypirrolidone (PVPP; Sigma, St. 
Louis, MO, USA ) gel purification was performed 
as described by Kowalchuk et al. (1997). DNA 
was resuspended in a final volume of 30 ml water 
after recovery from the gel matrix and stored at - 
20°C until use.
PCR and DGGE profiling o f environmental 
samples
0.5 ml of each DNA isolation was used 
as template in 50 ml total volume reactions with 
the 357f and 535r primers, which are designed 
to amplify eubacterial 16S rDNA (Figure 2; 
Muyzer et al. 1993). The final reaction mix 
contained 0.5 pM of each primer, 2 ml 10 mg/ml 
bovine serum albumine (New England Biolabs, 
Beverly, MA, USA), 2.5 units Expand High­
F ide lity  DNA polym erase  (B oehringer 
Mannheim, Germany), and the buffer conditions 
recommended by the manufacturer. PCR was 
performed in a PE480 thermocycler (Perkin 
Elmer, Foster City, CA, USA) using the program 
described by Muyzer et al. (1993), and the PCR 
product of approximately 180 bp was examined 
on a 2% agarose 0.5 x TBE (1 x TBE = 90 mM 
Tris-Borate, 2 mM EDTA, pH8.3) gel and stained
with ethidium bromide to confirm product 
integrity and to estimate DNA concentration. For 
each sample, approximately 1 mg PCR product 
was analyzed by denaturing g radient gel 
electrophoresis (DGGE) using a Biorad Protean
II electrophoresis unit as described by Zwart et 
al. (1997). The DGGE gel was recorded with a 
CCD camera system (The Imager, Appligene, 
Illkirch, France). Processing of the image was 
performed with the software program Aldus 
Photostyler 2.0 (Aldus corporation, Seattle, WA, 
USA). Brightness and contrast were adjusted for 
the rhizosphere sample lane, all images were 
sharpened once.
Construction o f 16S rDNA gene libraries
P artia l 16S rD N A  lib raries  w ere 
constructed by cloning PCR products recovered 
after direct amplification with the ßAMOf / 
ßAMOr primer set (Figure 2; McCaig et al.
1994). This primer set is known to be semi­
specific for ß-subgroup ammonia-oxidizing 
bacteria as it also amplifies 16S rRNA genes from 
other ß-subgroup Proteobacteria (Stephen et al. 
1996). However, the regions targeted by these 
primers are suitable for the detection o f all 
described members of ß-subgroup ammonia- 
oxidizing bacteria (Pommerening-Röser et al.
1996). PCR was performed by using 0.5 ml DNA 
extract as template in a 50 ml total volume 
reaction w ith 2.5 units Expand H-F DNA 
polym erase (B oehringer) using  the 
manufacturer’s recommended buffer conditions. 
All custom primers used in this study were 
synthesized by Isogen Bioscience, BV (Maarssen, 
the Netherlands). The ßAMOr primer was added 
to a concentration of 1 pM, and twice as much 
of the ßAM Of primer, 2 pM, was added to 
compensate for its ambiguous base positions. 
After an initial 5 min denaturation step at 94° C, 
amplification was performed in an OmniGene 
thermocycler (Hybaid, Middlesex, UK) with the 
thermocycling program: 30 x (92° 1 min, 59° 1 
min; 68° 1 min 30 sec) followed by 5 min at 68° 
C. Of the PCR product 25 ml was loaded onto a 
1% agarose 0.5 x TBE gel. After electrophoresis 
and ethidium bromide staining, the expected 1180 
bp band was excised and DNA isolated using
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able 1 Summary ofsample sites and clone recovery
Code Sample site number of Screening with Sequenced clones and EMBL
clones a CTO primersb accession numbers
SEDIMENT SAMPLES
Lake Gooimeer
Gt top layer, pH8.5 68 0 of 20 -
G5 - 5 mm layer, pH 8.5 19 2 of 19 Gm8
AJ003749
G10 - 10 mm layer, pH 8.7 >400 7 of 10 Gm2, Gm3, Gm9
AJ003750 to AJ003752
Gtw top layer in wintertime, 35 6 of 10 Gm1l5, Gm3l2, Gm1l2
pH 8.2 AJ003753 to AJ003755
Lake Veluwemeer
Vt top layer, pH 8.2 160 4 of 10 Vm4, Vm5, Vm6
AJ003756 to AJ003758
V5 - 5 mm layer, pH 8.2 90 6 of 10 Vm7, Vm10
AJ003759 to AJ003760
V10 - 10 mm layer, pH 8.0 >400 8 of 10 Vm11, Vm12
AJ003761 to AJ003762
Lake Reeuwijk
Rt toplayer, pH 8.0 70 5 of 20 Rw5, Rw9, Rw14
AJ003763 to AJ003765
PELAGIC SAMPLES
Ij River Ijsel, pH 8.2, 13 2 of 13 / Ij6, Ij8ct, Ij 13
[O2] 12.1 mg/l 13 of 13c AJ003766 to AJ003768
Me Lake Ijselmeer, pH 8.5, 107 4 of 15 / Me2, Me9, Me11ct, Me15ct
[O2] 10.2 mg/l 15 of 15c AJ003769 to AJ003772
Ws Schelde estary pH 7.4, 150 7 of 8 / Ws 11, 12, 23c, 25, 26
[O2] 5 mg/l, salt conc. 19 of 20c AJ003773 to AJ00377
11.5 g/l
EMERGENT MACROPHYTE RHIZOSPHERE SAMPLE
Dr Lake Drontermeer 180 15 of 25 / Dr5, Dr13, Dr17ct, Dr18ct,
rhizosphere, 23 of 25c Dr19 AJ003778 to AJ003782
pH 7.6
a Generated with the ßAMOf-ßAMOr primer set (McCaig et al., 1994) 
b Screened with the CTOf-CTOr primer set (Kowalchuk et al., 1997a) 
c Screened with 357f-535r primer set (Muyzer et al., 1993)
Non ammonia oxidizer-like sequence
Q IA quick spin colum ns (Q iagen, H ilden, 
Germany). Ligation of the 1180 bp product in 
pGEM-T vector (Promega) and transformation 
by heat shock in Epicurian Coli XL1-Blue MRF’ 
supercompetent E.coli cells (Stratagene, La Jolla,
CA, USA) were executed according to the 
manufacturers protocols. Plasmids were isolated, 
after overnight culturing of the colonies in liquid 
LB medium, using the High Pure Plasm id 
Isolation Kit (Boehringer).
t
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Table 2 Summary ofdatabase sequences used for phylogenetic tree construction
The strain or clone designations for the ß-subgroup ammonia oxidizer 16S rDNA sequences used in
the construction of the phylogenetic tree in Figure 1 are given.
Species / environmental clones Origin Sequence author Accession numbe
Nitrosospira biiensisC-128 (Nsp4) Soil Head et al., 1993 M96396
Nitrosomonas europaea C-31 (Nm50) soil, USA Head et al., 1993 M96399
Nitrosomonas sp. C-56 (Nm63) sea water, Gulf of Maine Head et al., 1993 M96400
Nitrosolobus multiformis C-71 (NL13) soil Head et al., 1993 M96401
Nitrosomonas eutropha C-91 (Nm57) sewage, Chicago Head et al., 1993 M96402
Nitrosococcus mobilis (Nc2) brackish water Head et al., 1993 M96403
Nitrosospira sp. 40KI garden soil, Norway Utâker et al., 1996 X84656
Nitrosospira sp. B6 sewage treatment column, Norway Utâker et al., 1996 X84657
Nitrosospira sp. AF sandy loam, Zambia Utâker et al., 1996 X84658
Nitrosospira sp. AV sea water, Scotland McCaig et al., 1994 Y10127
Nitrosomonas cryotolerans (Nm55) sea water, Kasitsna Bay Pommerening-Röser et al., 1996 Z46984
Nitrosomonas halophila (Nm1) sea water, North Sea Pommerening-Röser et al., 1996 Z46987
Nitrosomonas urea (Nm10) soil, Sardinia Pommerening-Röser et al., 1996 Z46993
pH4.2A/23 and pH4.2A/G2 clones agricultural soil, Scotland Stephen et al., 1996 Z69151, Z69164
EnvA1-21 and EnvA2-13 clones marine sediment, polluted, Scotland Stephen et al., 1996 Z69091, Z69097
EnvB1-17 and EnvC2-23 clones marine sediment, Scotland Stephen et al., 1996 Z69104, Z69125
Screening o f 16S rDNA libraries
The number of clones examined per 
sample site, and the primer combinations used to 
screen them are summarized in Table 1. Primer 
positions are shown in Figure 2. Colony screening 
with the CTO189f / CTO654r and the 357f-535r 
primer set was as described by Kowalchuk et al. 
(1997) and Zwart et al. (1997), respectively PCR 
screening was performed using a toothpick to 
take a small portion of a colony as template DNA. 
Each 25 ml reaction contained 1.25 units Taq 
DNA polymerase (Boehringer), 1.5 mM MgCl2, 
10mM Tris/HCL pH 8.3, 50 mM KCl, 0.01% w/ 
v gelatin, 200 mM of each deoxynucleotide, and 
CTO prim ers were added as described by 
Kowalchuk et al. (1997). Amplification was 
performed using a thermocycling regime of 28 
times (95°, 1 min; 57°, 1 min; 72°, 45 sec + 1 sec 
/ cycle). Of each reaction 5 ml was analyzed by 
DGGE followed by ethidium bromide staining 
as described by Kowalchuk et al. (1997). After 
DGGE analysis of the PCR products from 
positive CTO prim er reactions (results not 
shown), a single representative of every observed 
DGGE “type” within each clone library was 
selected for sequence analysis. Clones from the 
pelagic and rhizosphere samples were also
screened with bacterial primers (357f / 518r) and 
sequenced to test the inclusiveness o f the 
CTO189f / CTO654r primer set in the screening 
for ß-subgroup ammonia oxidizer-like 16S rDNA 
clones.
Nucleotide sequence determ ination and 
phylogenetic analysis
D ouble-stranded  cycle sequencing 
reactions w ere perform ed w ith the 
Therm osequenase k it (A m ersham , L ittle  
Chalfont, UK) according to the manufacturers 
recommendations using Texas Red- labeled 
primers. Sequencing primers included the vector- 
specific primers Sp6 and T7 and the bacterial- 
specific 16S rDNA primers 357f and 1053r 
(Edw ards et al. 1989). M edem blik (Lake 
IJsselmeer) and river IJssel water column DNA 
inserts were only partially sequenced (450 bp). 
Sequencing reactions were run and analyzed on 
a Vistra DNA sequencer 725 (Amersham). 
Sequence data was edited and assembled with 
the Sequencer 3.0 (Gene Codes Corporation, Ann 
Arbor, MI, USA) software package and format 
conversions were carried out in Seqapp 1.9a169 
(Gilbert 1993). 16S rDNA sequence alignments 
of1165 bp nucleotide positions were carried out
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Figure 1 Neighbor-joining tree o f ß-subgroup Proteobacteria 16S rDNA sequences 
Phylogenetic tree including freshwater sediment clones recovered during this study (bold face typed) 
as well as representatives of the seven recognized sequence clusters of the ß-subgroup ammonia- 
oxidizing bacteria (Stephen et al. 1996). Sequence abbreviations are given in Table 1, and phylogenetic 
analysis was done for 1111 informative positions of16S rDNA as described in the text. Only significant 
bootstrap values relevant to the discussion are shown.
with the addition of sequences retrieved from the 
Ribosomal Database Project (RDP; Maidak et 
al. 1999) and were performed in the Dedicated 
Comparative Sequence Editor program (De Rijk
and De Wachter 1993) using recognized 16S 
rRNA secondary structures (Van de Peer et al.
1997). Phylogenetic trees were constructed with 
the Treecon program (Van de Peer and De
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Figure 2 Positions o f 16S rDNA directed primers used in this study
ßAMOf ßAMOr
C T O  CTOr
W >  357f 535r
I I I I I I I 16S rDNA
1 141 189 357 535 654 1301
Wachter 1994) using neighbor-joining analysis 
with Jukes and Cantor (1969) correction. Gaps 
were not taken into account in the analysis, and 
bootstrap analysis was based upon 100 replicates. 
Parsimony analysis was performed using the 
PHYLIP 3.5 package written by Felsenstein 
(1993, U niversity  o f W ashington, USA). 
Previously determ ined am m onia-oxidizing 
bacterial and ammonia oxidizer-like sequences 
used in the analysis are listed in Table 2. Partial 
16S rDNA sequences determined in this study 
have been deposited into the EMBL sequence 
databank and their accession numbers are given 
in Table 1.
Results
Comparison ofbacterial communities by DGGE 
To com pare the to tal bacteria l 
com m unities o f the pelagic, sedim ent and 
rh izosphere  sam ples tested , DGGE was 
performed on PCR products obtained after direct 
am plifica tion  w ith the 357f-535r prim er 
combination (Muyzer et al. 1993). The recovered 
DGGE profiles are presented in Figure 3. In 
general, each location appeared to contain a 
different microbial community as evidenced by 
the differences in DGGE banding patterns. In 
contrast, the banding patterns from the different 
sediment layers from a single location appeared 
to be nearly identical. The DNA from the gel 
shown in Figure 3 was also blotted for subsequent 
hybridization with oligonucleotide probes specific 
for ß-subgroup ammonia-oxidizing bacteria as 
described by Bruns et al. (1996), but no detectable 
signal was observed (not shown). There were no 
further attem pts made to phylogenetically 
characterize the DGGE bands coming from the 
bacterial-specific PCR.
Recovery o f ammonia oxidizer-like 16S rDNA 
from freshwater pelagic and sediment samples 
The ßAMOf-ßAMOr primer set, used to 
create the clone libraries in this study, are known 
to be semi-specific for the amplification ß- 
subgroup ammonia oxidizer 16S rDNA (Stephen 
et al. 1996). These prim ers, w hich target 
approximately 1160 bp of the 16S rRNA gene, 
also amplify 16S rDNA from a number of closely 
related ß-Proteobacteria, and the proportion of 
ammonia-oxidizing bacteria like sequences 
recovered with this primer set can vary greatly 
between different sample types. The CTO 
primers, whose sequences are based upon both 
sequences from pure cultures and environmental 
clones, allow for the efficient PCR screening of 
clone libraries for sequences showing affinity to 
the ß-subgroup ammonia oxidizers (Kowalchuk 
et al. 1997). The clone libraries tested revealed 
between 0 and 80% positive amplification with 
the CTO primers (Table 1). The PCR products 
from all positive inserts were also subjected to 
DGGE (not shown), revealing that many of the 
generated clones were indistinguishable by 
DGGE. To avoid repeated sequencing of identical 
clones, only unique DGGE types within each 
clone library were sequenced. The freshwater 
pelagic and rhizosphere samples were additionally 
tested with the bacterial primers, 357f and 535r, 
to show that the vast majority of clones did in 
fact contain 16S rDNA sequences (Table 1).
Phylogenetic analysis o f cloned 16S rDNA 
sequences
All clones which gave a positive reaction 
with the CTO primers contain sequences which 
fall within the ß-subgroup ammonia oxidizer 
clade (Figure 1). Conversely, all sequenced clones 
which failed to produce PCR product with the 
CTO prim er pair grouped outside o f this
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Table 3 Oligonucleotide probe compatibilitywith freshwater Nitrosomonas-like 16S rDNA sequences 
The target sites for previously published primers and probes used for the detection of Nitrosomonas- 
like sequences are given with reference to their compatibility with the freshwater and sediment 
sequences recovered in this study.
Primer / probea Sequence and compatibility with
fresh-water and sediment cluster 6
bsequences
primer / probe target Authors
AAO-258 GGTAAaGGCtTACCAAGGC non-marine ß ammonia oxidizers Hiorns et al ,1995
RNM-1007 tcTaaTggAGAcATaAgAGTaCCCG non-marine Nitrosomonas Hiorns et al., 1995
Nm75c cggcagcgggggcttcggcc Nitrosomonas genus Hiorns et al., 1995
N EU (653-670) TAGAGTGcaGCAGAGGGG subset o f Nitrosomonas clusterd Wagner et al., 1995
NitA (137-159) CTTAAGTG GG GaATAAC GCA TCG all ß ammonia oxidizers Voytek and Ward, 1995
NitB (1214-1234) GG GTAGG GCTTC AC ACG TAA all ß ammonia oxidizers Voytek and Ward, 1995
NitD (455-479) tAGTCGgaAAGAAA-GaGTTgcaA N. europaea and close relatives Ward et al., 1997
NitF (846-865) AcGgacTGGTAACGTAGCT subset o f ß ammonia oxidizerse Ward et al., 1997
Nsm156 ATCGAAAGATGTGCTAATA Nitrosomonas genus Mobarry et al., 1996
Nso190 GGAGaAAAGc AGGGGATCG all ß ammonia oxidizers Mobarry et al., 1996
Nso1225 CGCGATTGTATTACGTGTGA all ß ammonia oxidizers Mobarry et al., 1996
Nm0 (148-165) ATAACGCATCGAAAGATG Nitrosomonas genus Pommerening-Röser et al., 1996
NITROSO4E (639-658) GAAACTACAaRg CTAGAGTG all ß ammonia oxidizers Hovanec et al., 1996
NSM1B (479-495) ATGACGGTAcC GACAGA subset o f Nitrosomonas clusterd Hovanec et al., 1996
CTO189f GGAGRAAAGYAGGGGATGC all ß ammonia oxidizers Kowalchuk et al., 1997a
CTO654r GCGTTTGAAACTACAaRgCTAG all ß ammonia oxidizers Kowalchuk et al., 1997a
a base positions as given with respect to E coli (Brosius et al., 1989).
b bases given in upper-case letters represent identity to all recovered Nitrosomonas cluster 6 clones. Bases given in lower-case bold type 
denote mismatches with all recovered Nitrosomonas cluster 6 clones, and plain lower-case letters give positions where mismatches occur 
with only some o f  the recovered clones. Underlined sequences overlap the region targeted by the ßAMOf primer. 
c Not included in  the amplified 1 100bp region.
d Nitrosomonas europaea, Nitrosomonas eutropha, Nitrosococcus mobilis, and close relatives. 
e All ß-subgroup ammonia-oxidizing bacteria except Nitrosomonas sp. C-56.
monophyletic group, accept for the Schelde 
brackish water clone Ws23, which showed 
affinity with Nitrosomonas cluster 5 (Figure 1 
and results not shown). These results are in good 
agreement with previous results which show that 
the CTO primers are effective in screening clone 
libraries (Kowalchuk et al. 1997), although their 
specificity to the ß-subgroup ammonia oxidizers 
is not absolute (this study, Kowalchuk et al. 
1999a). The fact that some clones produced by 
the ßAMOf-ßAMOr primer set fell outside the 
ß-subgroup am m onia oxidizer clade is in 
agreement with previous results that show that 
these primers also target other members of the 
ß-subclass of the Proteobacteria (Stephen et al. 
1996).
All sediment clones that gave positive 
PCR results with the CTO primer screening 
formed a strongly supported monophyletic group 
based upon neighbor-joining analysis of 1111 bp
of 16S rDNA sequence (Figure 1). This group 
fell within the Nitrosomonas cluster 6 as defined 
by Stephen et al. (1996) and showed the closest 
affinity with the culture strain Nitrosomonas urea. 
Similarity comparisons between these clones and 
Nitrosomonas urea revealed between 94.9 and
96.3 % identity with this species over the analyzed 
region, and clones within this group were between
94.3 and 100.0 % identical with each other. The 
three Nitrosomonas-like clones isolated from soil 
by Stephen et al. (1996; only pH4.2A/23 shown 
in Figure 1) also fall within this group. The clones 
from the Lake Drontermeer rhizosphere sample, 
which showed affinity with the ß-subgroup 
am m onia ox id izer clade, grouped w ith 
Nitrosospira clusters 3 and 4. Of the Schelde 
brackish water clones that reacted positively with 
the CTO primers, two grouped within the clade 
form ed by the w ater and sedim ent clones 
originating from freshwater habitats, while a third
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showed g rea test a ffin ity  w ith  a m arine 
Nitrosomonas sp. C-56.
Phylogenetic  analysis o f 427 base 
positions (not shown), which also included the 
partially sequenced clones from Lake IJsselmeer 
(Medemblik), the river IJssel, and Lake Gooimeer 
w inter samples revealed that all ammonia 
oxidizer-like sequences from both the freshwater 
and the sediment samples fell within a strongly 
supported group with Nitrosomonas cluster 6. 
Tree topology was similar to that revealed using 
the full-length sequences although bootstrap 
values were lower. Comparison of the two trees 
as well as separate analysis of the 3’ downstream 
half of the 1165 bp alignment did not reveal any 
evidence for the recovery of chimeric sequences, 
although such sequences would be difficult to 
detect for nearly identical 16S rRNA genes 
(Larsen 1997). Parsimony analyses revealed 
similar tree configurations with identical sequence 
clustering and similar bootstrap values with only 
minor differences in the branching orders for 
closely related sequences.
Potentia l probe and prim er detection o f  
ammonia-oxidizing bacteria from freshwater and 
sediment
Table 3 contains a list of target sites for 
previously published 16S rRNA probes and 
prim ers for the detection  o f ß-subgroup 
ammonia-oxidizing bacteria and of the genus 
Nitrosomonas including their similarity with the 
freshwater and sediment 16S rDNA clones 
recovered in this study. While some primer and 
probe sites appear to match well with recovered 
Nitrosomonas cluster 6 clones, other primers and 
probes show multiple mismatches with this group. 
The CTO reverse primer contains a one bp 
discrepancy, a level o f difference which is 
tolerated by the PCR conditions used for clone 
screening and amplification from environmental 
samples (this study, Kowalchuk et al. 1997). 
Oligonucleotides AAO-258 (Hiorns et al. 1995) 
and NitF (Ward et al. 1997) which were designed 
to detect all non-marine ß-subgroup ammonia- 
oxidizing bacteria contain one mismatch and three 
mismatches, respectively. Oligonucleotides NitA 
(Voytek and Ward 1995) and NITROSO4E
Gt G5 G10 Vt V5 V10 Rt Me Ij Ws Dr
Figure 3 DGGE profiles o f sample sites using 
bacterial primers
The DGGE banding patterns of PCR products 
produced by amplification with the 357f / 535r 
primer set (Muyzer et al. 1993) are shown for 
the various sample sites investigated. Site 
abbreviations are given in Table 1.
(Hovanec et al. 1996) designed for general ß- 
subgroup ammonia oxidizer detection also 
contain a single mismatch. Oligonucleotide 
RNM-1007, designed for the detection of non­
marine Nitrosomonas sequences, shows multiple 
m ism atches in its ta rget site, and the 
Nitrosomonas-specific NSM1B (Hovanec et al. 
1996) probe contains a single mismatch.
The monophyletic group formed by the 
water and sediment clones within Nitrosomonas 
cluster 6 can be targeted by a probe or specific 
prim er designed to recognize the signature 
sequence 5’ATCGAAAGACCTTATGC3' (202­
219). This probe, designated S-*-Nsm6a-0205- 
a-S-17, also matches Nitrosomonas urea and the 
terrestrial Nitrosomonas-like clones (Table 4) of 
Stephen et al. (1996), which are inclusive to this 
group (Figure 1). This target sequence might also 
be of use for in situ analyses as it contains at least 
three mismatches with all other known 16S rDNA 
sequences, except for Nitrosomonas communis, 
w hich shows a single m ism atch and 
Nitrosococcus mobilis, Zooglea ramigera which 
each contain two mismatches (Table 4). Within
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Table 4 Alignment o f potential probe for the detection o f non-marine Nitrosomonas cluster 6 with 
other ammonia oxidizer sequences
A potential probe or specific primer site for the targeting of the monophyletic Nitrosomonas-like 
group of sequences formed by freshwater, sediment, and soil (Stephen et al. 1996) clones is presented.
Strain or clone Sequence (positions 205-222)
S-*-Nsm6a-0205-a-S-17 ATCGAAAGACCTTATGC
freshwater Nitrosomonas clones
Nitrosomonas urea (Nm10)
Nitrosomonas clone pH4.2A/23
Ij s13b ...................G.
Gm8b ...........G . . . .
Vm6b ...........G T . . .
Nitrosomonas communis (Nm2) . . G . . .
Nitrosococcus mobilis (Nc2) . . G C . .
Zooglea ramigera . C . . C ...........
Nitrosomonas sp. C-56 (Nm63) . . . . T ........... . . G C . .
Nitrosomonas europaea C-31 (Nm50) . . . . C ........... . . G C . .
Nitrosomonas eutropha C-91 (Nm57) ........ T .............. . . G C . .
Ws23 . . . T T . G . . . . . G . . .
Nitrosospira briensis C-128 (Nsp4) . . . . C ........... . . G C . .
Nitrosolobusmultiformis C-71 (Nl13) . . . . C ........... . . G C . .
Nitrosococcus oceanus . C ..............G. . . CGC. .
Gallionella ferruginea ........ C ............... . . CTC.
a Sequence of target site. Positions identical to the probe target sequence 
are represented by a period.
b Freshwater or sediment clones that contain mismatch(es) with the 
proposed probe binding site.
the target group, clones Ijs13 and Gm8 also show 
a single mismatch and clone Vm6 has two 
mismatches. Comparison of clones whose inserts 
were fully sequenced revealed that there were 
no appropriate probe sites downstream of the 
CTO reverse primer binding site. Given this and 
the stability of phylogenetic trees determined from 
465 bp (see above), full length sequencing was 
not deemed necessary for the Lake IJsselmeer 
(Medemblik), the river IJssel, and Lake Gooimeer 
winter clones.
Discussion
DGGE profiling of the total bacterial 
communities (Figure 3) showed large differences 
between the different sample sites but not 
between sediment layers at a single site. This latter 
result was somewhat surprising as the resident 
microbial communities are likely subjected to a 
steep O2 gradient. O2 concentrations decline from
10-12 mg/l at the sediment surface to 
under 0.1 mg/l at a depth of 5mm for 
comparable freshwater sediments (De 
Beer et al. 1991). In the anaerobic part 
other bacteria were expected as in 
aerobic top layer. But the very similar 
bacterial DGGE profiles may be due to 
the constan t d isrup tion  and 
resedimentation of top layers of the 
sedim ent. The negative resu lt of 
hybridization analyses for the detection 
of ß-subgroup ammonia oxidizer-like 
sequences suggests that these bacteria 
are in low numbers in comparison to 
other Eubacterial populations, although 
one cannot rule out the possibility of 
biases against the former group due to 
differences in DNA isolation and PCR 
efficiency (Picard et al. 1992).
The d ifferences in DGGE 
profiles between sample sites indicate 
d ifferences in the to ta l bacteria l 
communities present. However, this appears to 
have no influence on the ammonia-oxidizing 
bacteria populations present, as Nitrosomonas 
cluster 6 was the only sequence cluster of ß- 
subgroup ammonia-oxidizing bacteria to be 
recovered for all water and sediment sites. The 
tight group formed by these sequences also 
contains clones previously recovered from soil 
and is m ost sim ilar to the cultured strain 
Nitrosomonas urea. The phylogenetic distance 
separating the freshwater Nitrosomonas cluster 
6 sequences is in some cases greater than those 
observed between the Nitrosospira clusters, 
which are known to differ in physiology and 
distribution (Figure 1; Stephen and McCaig 
personal communication, Kowalchuk et al. 1997). 
Thus, although there is no evidence supporting 
the further subdivision of cluster 6, it cannot be 
ruled out that important physiological differences 
might exist between the detected Nitrosomonas 
cluster 6 bacteria. The same PCR conditions were
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able to detect the presence of other ß-subgroup 
am m onia ox id izer sequence clusters in 
rh izosphere  and brack ish  w ater sam ples, 
suggesting  tha t the detection  of only 
Nitrosomonas cluster 6 sequences was not simply 
due to a bias in the PCR for this group. Biases in 
PCR and DNA isolation are difficult to dismiss, 
but previous experim ents have shown no 
preference of such Nitrosomonas sequences over 
other ß-subgroup ammonia oxidizer sequences 
during the PCR (Kowalchuk et al. 1997), and 
the mechanical lysis method used is thought to 
be one of the most rigorous available for the 
disruption of even highly recalcitrant organisms 
(Johnson 1991).
For each sample site, only a single insert 
for each DGGE “type” was sequenced from the 
clones which were positive for the CTO primer 
PCR screening. However this does not prove that 
all clones of a particular DGGE “type” are in fact 
identical. Kowalchuk et al. (1997) showed that 
16S rDNA inserts with different sequences can 
produce indistinguishable DGGE patterns. Thus, 
it may be that the CTO-positive clones which 
were not sequenced contain additional variation 
not represented in Figure 1. Any such variation 
would probably consist of only very small 
differences, and there is no reason to believe that 
it might effect the overall tree topology.
As expected, PCR amplification with the 
ßAMO primers recovered sequences which fell 
outside the ß-subgroup ammonia oxidizer clade, 
and the proportion of non-ammonia oxidizer 
clones varied greatly between samples. Several 
factors may influence the relative recovery of 
ammonia oxidizer-like clones with the ßAMO 
primers, including the total number ammonia- 
oxidizing present and the ratio of ammonia- 
oxidizing bacteria to total bacteria, especially of 
closely related ß-subgroup Proteobacteria. The 
relative influence of these factors is not known 
at present. The screening of clones with the CTO 
primer set (Kowalchuk et al. 1997) was highly 
predictive in terms of identifying ammonia 
oxidizer-like sequences. This screening was not 
perfect however. Although no false positive 
clones were detected, the CTO screening did give 
a negative result with the Ws23 clone, whose
sequence placed it within Nitrosomonas cluster 
5.
This is the first report o f dominant 
detection of a Nitrosomonas-like group of 
bacteria among the ammonia-oxidizing bacterial 
community in freshwater habitats. Smorczewski 
and Schmidt (1991) did report the presence of 
Nitrosomonas bacteria in enrichment cultures 
derived from the highest positive MPN dilution’s 
from freshwater, eutrophic lake sediment. They 
identified both Nitrosospira and Nitrosomonas 
bacteria in oxygen-rich systems, yet only the latter 
was observed under oxygen-poor conditions. 
However, it is not known how well these results 
mirror the in situ situation, as the laboratory 
culture conditions used are thought to select for 
Nitrosomonas europaea strains (Prosser 1989).
Examination of the target sites for primers 
and probes previously used for the detection of 
Nitrosomonas-like sequences reveals some 
d iscrepancies w ith the freshw ater clones 
examined in this study (Table 3). Interestingly, 
Hiorns et al. (1995) reported a dominance of 
Nitrosospira-like sequences in freshwater lake 
samples determined both by specific probing of 
eubacterial PCR products with genus-specific 
probes and nested PCR with genus-specific 
primers. However, the presence of Nitrosomonas- 
like sequences similar to those detected in our 
freshwater and sediments samples would not have 
been detected by PCR with the Nm-75 / RNM- 
1007r primer pair due to multiple mismatches in 
the reverse primer (Table 3). It could not be 
determined if  the Nm-75 primer / probe site 
matches that of this Nitrosomonas group because 
it falls outside the region amplified by the ß-AMO 
primers. Since we failed to recover Nitrosospira- 
like sequences from our freshwater and sediment 
samples, we cannot exclude the possibility that 
Nitrosospira are also present in relatively low 
numbers in these samples. A small proportion of 
Nitrosospira-like sequences might go undetected 
in a background dominated by Nitrosomonas. 
Thus, the contrasting results betw een the 
freshwater environments analyzed by Hiorns et 
al. (1995) and those in this investigation may 
either be due to differences in the resident 
ammonia oxidizer communities or to the specific
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probes and primers used in the analyses.
Similarly, PCR detection relying on the 
specificity of the NitA and NitF primers (Ward 
et al. 1997) would not register the contribution 
of this potentially dominant ammonia oxidizer 
clade to the total ammonia oxidizer community. 
The fact that in situ hybridization probes may miss 
certain  target am m onia ox id izers due to 
mismatches in the binding site was recognized 
by Mobarry et al. (1996) and Hovanec et al. 
(1996). The former authors also demonstrated 
that the Nso190 probe, which contains two 
mismatches with the freshwater Nitrosomonas 
cluster 6 clones, is less inclusive to the ß- 
subgroup ammonia-oxidizing bacteria than the 
Nso1225 probe, which has a perfect match. In 
situ hybridization analysis would provide more
direct evidence as to the role of Nitrosomonas- 
like organisms in fresh water environments.
These results illustrate how the continued 
recovery  o f sequence in form ation  from 
environmental samples obtained using primers 
with broad specificity can aid in primer and probe 
refinement. Furthermore, the tight clustering of 
the freshwater pelagic and sediment sequences 
in th is study allow s for the design of 
oligonucleotide probes highly specific for this 
group, thus adding to our ability to define 
am m onia ox id izer populations in the 
environment.
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Micro-variation artifacts introduced by PCR and cloning of 
closely related 16S rDNA sequences
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Defined mixtures of 16S rDNA fragments were used in a PCR and cloning study to assess the 
degree to which the use of these molecular biological techniques may introduce artefactual 
microheterogeneity into 16S rDNA clone libraries. Seven closely related environmental clones, 
all affiliated with a narrow sequence cluster within the genus Nitrosomonas, were mixed in 
equal proportions and used as template for their subsequent amplification using primers 
previously used for the semi-specific amplification of ß-Proteobacteria 16S rDNA fragments 
from environmental samples. PCR products were cloned in E. coli and clones screened by 
denaturing gradient gel electrophoresis (DGGE) for the detection of variants not included in 
the original clone mixture. Clones showing novel DGGE migration behavior, were subjected 
to sequence analysis, revealing that at least 13% of the recovered clones contained novel 
nucleotide sequences. Aberrant sequence types were potentially created due to chimera 
formation, heteroduplex correction events, and incorporation of other errors. A mutational 
hot spot was detected. Results demonstrate that a certain level of microheterogeneity, as often 
perceived in environmental 16S rDNA clone libraries, may be introduced by PCR and cloning 
artifacts, and certain positions should be excluded when interpreting the ecological and 
evolutionary significance of such sequence variation.
Introduction
The introduction of PCR and cloning 
techn iques in to  m icrobial ecology has 
revolutionized our perception of microbial 
diversity (Giovannoni et al. 1990, Ward et al.
1990). The ab ility  to p ro file  m icrobial 
communities, without the requisite step of pure 
culture isolation, has led to the discovery of novel 
lineage’s o f descent (L iesack et al. 1992, 
Hugenholtz et al. 1998) and provided profound 
evolutionary insights (Pace 1997, Fuhrman and 
Campbell 1998). The majority of studies using 
the PCR and cloning approach have targeted the 
16S rRNA gene. PCR based m ethods can 
comprise a whole kingdom approach but also 
primers can be designed to amplify sequences 
from a select group of organisms (Amann et al.
1995). Comparison of sequences recovered from 
the environment with those of culture strains can 
provide ten tative identification  of m icro­
organisms. However, the vast majority of 16S 
rDNA sequences that have been recovered from 
microbial communities do not match those of 
culture strains, nor do they match sequences from 
other PCR and cloning studies. It is often the 
case that almost every clone examined within a 
given study is unique (Borneman et al. 1996), 
both within the study itself and in comparison 
with the extant 16S rDNA database (Maidak et 
al. 1999). Although some novel environmental 
clones contain sequences that are so divergent 
from known sequences that they suggest the 
existence of new deep-branching phylogenetic
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clades, the majority of novel clones are closely 
re la ted , ye t not iden tical, to prev iously  
encountered sequences. The detection of such 
micro-variation among environmental clones is 
especially obvious in PCR-based studies targeting 
specific monophyletic microbial groups (Stephen 
et al. 1996, Buckley et al. 1998, Großkopf et al.
1998).
Two questions must be asked when 
attempting to evaluate the accuracy with which 
PCR and cloning approaches represent the actual 
microbial community under investigation. First 
is how well does the proportion of sequence types 
recovered represent the relative abundance of 
original template sequences? Second is to what 
level of fidelity do recovered sequences represent 
the original copies in the template mixture? With 
regard to the first question, problems associated 
with differential efficiencies of DNA isolation 
(Zhou et al. 1996, Gillan et al. 1998), primer 
binding (Polz and Cavanaugh 1998), PCR 
amplification (Suzuki and Giovannoni 1996, 
Hanson et al. 1998), and cloning (Stackebrandt 
et al. 1993) have been demonstrated, and caution 
must be exercised when relating sequence 
recovery  to bacte ria l abundance in the 
environment (Farrelly et al. 1995). This study 
addresses the second of these questions. Infidelity 
in sequence recovery can be caused not only by 
errors introduced by Taq polymerase (Weisburg 
et al. 1991) or errors in the process of sequence 
determination, but also by interaction between 
different DNA’s during multiple competitive PCR, 
principally in the formation of chimeras and 
heteroduplexes. Chimeric DNA molecules can be 
created during the PCR, resulting in DNA 
fragments where one region of the molecule has 
originated from one organism and another region 
from a different organism (Liesack et al. 1991, 
Wang and Wang 1996, 1997). Such artifacts can 
introduce false diversity into clone libraries, and 
may give the impression that lineage’s exist that 
fall in between, but are clearly distinct from, 
known phylogenetic clades. Although sequences 
that are likely to be chimeric in nature can often 
be detected, chimera detection is not effective 
when chimeric domains originate from closely 
related organisms (Komatsoulis and Waterman
1997, Larsen 1999). Furthermore, DNA strands 
th a t share reg ions w ith  high levels of 
complementarily can form heteroduplex double­
stranded DNA molecules (Jensen and Straus
1993), where one strand of the duplex DNA has 
o rig inated  from  one organism  and the 
complementary strand from another. Also the 
secondary structure of the target sequence may 
facilitate heteroduplex production (Separovic and 
Nadindavis 1994). The cloning of heteroduplex 
molecules, potentially formed during less than 
optimal PCR amplification of mixed templates 
(Espejo et al. 1998), may result in hybrid plasmid 
inserts due to the action of E. coli DNA repair 
mechanisms (Learn and Grafstrom 1989, Cariello 
et al. 1991, Parker and Marinus 1992, Carraway 
and Marinus 1993). It is not known to what extent 
this occurs in PCR and cloning experiments, and 
detection of such events is be difficult, especially 
w hen it involves DNA’s from  unknow n 
organisms.
It was our goal to investigate the extent 
to which interactions of closely related DNA 
molecules during PCR and cloning procedures 
could contribute to microheterogeneity, as is 
often observed in clone libraries recovered from 
environm ental samples. A previous study, 
involving the selective amplification and cloning 
of 16S rDNA sequences related to ammonia- 
ox id iz ing  bac te ria  o f the ß-subgroup 
Proteobacteria, detected a narrow monophyletic 
group of Nitrosomonas-like sequences in a variety 
of freshwater environments (Chapter 2). Seven 
closely related clones taken from this study were 
mixed in equal amounts in order to conduct a 
controlled PCR and cloning study, where 
recovered sequences could be related to those of 
the original templates. A subset of the clones 
containing novel sequences, in comparison to the 
original template sequences, were detected using 
denaturing gradient gel electrophoresis (DGGE), 
and clones with aberrant DGGE mobility were 
sequenced. Novel sequences were compared to 
original sequences to gain insight into the nature 
of sequence changes. Results are discussed with 
respect to the heterogeneity often found in PCR 
and cloning studies used to assess microbial 
diversity.
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Construction ofthe defined mixture ofsequences
Seven clones were selected from a clone 
lib rary  of closely  re la ted  sequences of 
Nitrosomonas-like am m onia-oxidizing ß- 
subgroup Proteobacteria, which was previously 
constructed and described in Chapter 2. The 
plasmid-containing E. coli host cells (Epicurian 
Coli XL1-Bleu M RF’ supercompetent cells, 
Stratagene, La Jolla, CA, USA) were cultured 
overnight at 37°C in 3ml liquid LB medium with 
shaking at 175 rpm. Plasmids from the cultures 
were isolated using the High Pure Plasmid 
Isolation kit (Boehringer Mannheim, Germany) 
according to the manufacturer’s instructions. An 
aliquot (2 ml) of each plasmid isolation was 
checked on a 1% 0.5 x TBE (1 x TBE = 90mM 
Tris-Borate, 2mM EDTA, pH 8.3) agarose gel, 
and a digital picture was taken after ethidium 
brom ide staining (The Imager, Appligene, 
Illkirch, France). Plasmid DNA concentrations 
were estimated by comparing plasmid band 
intensities with those of DNA marker standards 
within the ImageQuant 3.3 analysis software 
program (Molecular Dynamics, Sunnyvale, CA, 
USA). The seven plasmid isolations were mixed 
toge ther to produce a tem plate  m ixture 
containing an equal concentration of each plasmid 
and a total DNA concentration of 0.5 ng/^l. The 
clone designations and accession numbers for 
insert sequences for the seven plasmids used were 
as follows: Gm3 (AJ003751), Vm6 (AJ003758), 
Gm9 (AJ003752), Vm10 (AJ003760), Vm11 
(A J003761), Vm 12 (A J003762), Ws23 
(AJ003775) (Chapter 2).
Construction ofthe clone library.
The clone library was constructed by 
cloning  PCR products recovered  after 
amplification with the ßAMOf / ßAMOr primer 
set (McCaig et al. 1994). This primer set has been 
used in the construction of the original clone 
library from which the sequences were chosen 
(Chapter 2), insuring the presence of perfect 
primer binding sites. PCR was performed using
0.5 ng of the plasmid mix as template in a 50 ml 
total reaction volume with 2.5 units Expand H-F
Materials and methods DNA polym erase (B oehringer), using the 
manufacturer’s recommended buffer conditions. 
All reactions were covered with 50 |il mineral 
oil (Merck, Germany) and primer and nucleotide 
concentrations were as described in Chapter 2). 
PCR was conducted in a PE480 thermocycler 
(Perkin-Elmer, Foster City, CA, USA) and used 
the following program: 2 min 94°C and 25 x 
(92°C 30 s, 59°C 30 s, 68°C 45 s + 1 s/cycle) 
followed by 5 min 68°C. PCR products (25 ml 
per reaction) were analyzed by 1% agarose, 0.5 
x TBE gel electrophoresis. After electrophoresis 
and ethidium bromide staining, the expected 1180 
bp band was excised, and DNA recovered from 
the band using QIAquick spin columns (Qiagen, 
Hilden, Germany). Ligation of the 1180 bp 
product in the pGEM -T vector (Promega, 
Madison, WI, USA), transformation by heat 
shock in Epicurian Coli XL1-Blue MRF’ cells 
(Stratagene) and plating of the transformed cells 
on LB /X -G al/IPTG  1.5% agar plates was 
executed according to the m anufacturers’ 
protocols. Colonies were grown overnight at 
37°C for blue/white screening.
PCR with internal primers and DGGE screening 
White colonies were randomly chosen 
and a small portion of each selected colony used 
directly as template source in a PCR using the 
357f-GC / 518r primers described by Muyzer et 
al. (1993). Taq polymerase (2 units) (Gibco 
Laboratories, Detroit, MI, USA) were used in a 
reaction volume of 50 |il according to the reaction 
conditions recommended by the manufacturer. 
These prim ers am plified a 180 bp region 
containing the highly variable V3 region of the 
16S rRNA gene, internal to the 1180 bp insert 
contained by all positive clones. PCR products 
from all clones tested were examined by DGGE 
using the method of Muyzer et al. (1993) as 
modified by Zwart et al. (1998). Clones showing 
DGGE mobility’s that were different from all 
original clones were loaded on a single DGGE 
gel, along with original clones and examples of 
clones that matched original clones in DGGE 
mobility. In addition, the defined mixture of 
plasmid templates and the mixed 1180 bp PCR 
product from  the ßA M O f / ßA M O r PCR
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Figure 1 DGGE analysis ofindividual clones and mixed PCR products
Vm, Gm , and Ws designations indicate PCR products derived from the original seven clones used 
to create the template mix. Lanes labelled ‘a-g’ give examples of recovered clones whose DGGE 
mobility’s match those of one of the original clones. The numbers between brackets indicate the 
number of recovered clones showing the given DGGE mobility. Nclone designations indicate clones 
that could be distinguished from all the original clones and were selected for sequence analysis. 
pMix indicates that the original plasmid mix was used as template in an amplification reaction using 
the 357f-GC and 518 primers, and the nMix sample used products of the ßAMOf / ßAMOr PCR as 
template. The arrow indicates E. coli contamination. The marker lanes (M) contained the PCR 
amplified 16S rDNA of Lactococcus lactis and Escerichia coli according to Zwart et al. (1998). 
The bands labelled A and B in the nMix sample were excised for DNA elution and reamplification 
using the 357f-GC and 518 primers. The DGGE analysis of these products is shown in the separate 
panel, with lanes labelled according to the original excised band.
amplification of the template mix were also 
subjected to PCR and DGGE with the same 
conditions as described for the colonies. Two 
novel bands, observed in the DGGE patterns 
obtained from the two PCR mixtures examine 
were also excised. DNA was eluted from the 
resulting acrylamide slices by incubating them in 
50 ml TE (Tris 10mM, EDTA 1mM, pH 8.0) 
overnight at 4°C. Eluate (5 ml) was then used as 
template in a 50 ml PCR, with primers 357f-GC / 
518r as described above. Products were also 
reanalyzed on DGGE as described above to check 
the fidelity of the bands.
Sequencing ofthe clone inserts
All clones that appeared at novel positions 
on the DGGE gel were subjected to complete 
double-stranded sequence analysis of the 1180 
bp insert. O f the clones that showed DGGE 
mobility’s identical to one of the original clones, 
a single clone per original DGGE type was 
selected for sequencing across the region
examined by DGGE. In addition, two clones not 
showing new DGGE mobility, Nclone4 and 
Nclone29, were also chosen for full-length 
sequencing of the entire 1180 bp insert. Cycle 
sequencing reactions were performed with the 
T herm osequenase k it (A m ersham , L ittle  
Chalfont, UK) according to the manufacturers 
recommendations using Texas Red- labeled 
primers. Sequencing employed the vector-specific 
primers Sp6 and T7 and the bacterial-specific 16S 
rDNA primers 357f and 1053r (Edwards et al. 
1989). Sequencing reactions were run and 
analyzed on a Vistra DNA sequencer 725 
(A m ersham ). Sequence com pilations and 
alignment were performed using the Sequencer 
3.0 (Gene Codes Corporation, Ann Arbor, MI, 
USA) software package. The distance matrix was 
constructed with the SeqPup program (Gilbert
1996).
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DGGE screening and frequency o f error- 
containing clones
DGGE screening of 70 clones recovered 
after the PCR amplification of the defined mixed 
template of plasmids revealed that 13% of the 
newly formed clones (Nclone) exhibited a novel 
DGGE migration (Fig. 1). All original clone 
mobility’s were represented in 81% of the library 
of recovered clones. A m plification of the 
remaining 6% did not yield any product and were 
assumed to contain no insert. The frequency of 
clone recovery, with respect to original clone 
DGGE classes, was not normally distributed the 
recovery is not normally distributed. However, 
the distribution o f DGGE classes was not 
significantly different from expected, given the 
equal starting concentrations of the 7 templates 
and assuming that all clones of the same DGGE 
mobility were identical (Std. Dev. 4.8, Std. Err. 
1.8). Sequence comparison across the entire 
insert (1180bp) between recovered clones with 
aberrant DGGE mobility and original clone 
sequences, showed that the majority of recovered 
sequences were clearly most related to one of 
the original clone sequences, with divergence 
from the putative parent sequence ranging 
between 0.2% and 1.2% (Fig. 2).
The percentage of aberran t DGGE 
patterns is for at least two reasons a conservative 
estimate of the proportion of the total recovered 
clones that differ in sequence from all the original 
templates. Firstly, whereas different DGGE 
mobility proves that sequences are not identical, 
the same DGGE mobility does not ensure identity, 
and previous results have shown that DGGE 
mobility alone is not a sufficient criterion to 
assume sequence identity (Kowalchuk et al.
1997). To test if clones with indistinguishable 
DGGE patterns might actually contain different 
sequences, the 180 region analyzed by DGGE 
was sequenced from a total of nine recovered 
clones, representing all seven original DGGE 
migration types. All sequences were identical to 
the original clones as predicted by DGGE results. 
Thus, although a certain degree of variation may 
still go undetected by DGGE, the failure to
Results and discussion distinguish between DNA fragments of different 
sequences probably did not contribute to a gross 
underestimation of the number of novel sequences 
recovered. Secondly, the 16S rDNA region 
examined by DGGE represents only a small 
portion (180 / 1180 bp) of the total 16S rDNA 
region amplified and cloned, and sequence 
differences not contained within this stretch of 
DNA were consequently not detected by this 
screening. We therefore also sequenced two 
clones that did not show aberrant DGGE mobility, 
to determ ine if sequence differences were 
introduced outside the region analyzed by DGGE. 
These two clones, Nclone4 and Nclone29, 
matched the DGGE patterns of the original clones 
Gm9 and Vm11 respectively, but sequence 
determination across the entire 1180 bp insert 
revealed deviations of 0.5% and 0.4% from the 
original clone sequences. These results indicate 
that sequence differences outside the region 
analyzed by DGGE were present in at least some 
of the recovered clones. O f all the clones 
analyzed, at least 13% of all recovered clones 
contained aberrant sequences. Given the fact that 
the DGGE screening failed to detect all aberrant 
clones, this total is by default an underestimation. 
Extrapolation o f these results to the total 
sequence variation would suggest that at least 
ha lf o f the recovered clones carried some 
differences from the source material.
Random base changes
A lignm ent o f the recovered  clone 
sequences with the original template sequences 
revealed three general categories of sequence 
differences introduced during PCR and cloning: 
random base substitutions, insertions at a 
mutational hotspot, and base changes potentially 
resu lting  from  chim era or heteroduplex  
formation. The first category was defined as 
unique base pair differences that were not 
represented in any of the original clone sequences. 
Nclone10 had a change at position 449 (G); 
Nclone12 at positions 433 (A) and 798 (C); 
Nclone16 at positions 474 (G) and 716 (G); 
Nclone29 at position 1062 (C); Nclone20 at 
position 435 (C); Nclone34 at positions 443 (C), 
816 (C) and 986 (C); Nclone33 at 996 (T); and
33
Microdiversity introduced by PCR and cloning
2: Nclone9 0.2Vm6
3: Nclone10 0.4 0.4
4: Nclone5 0.7 0.6 0.8
5: Gm3 1.1 1.1 1.1 0.9
6: Vm11 1.6 1.6 1.9 1.7 2.0
7: Nclone12 1.9 1.9 2.0 1.7 2.4 0.5Vm11
8: Nclone16 2.3 2.1 2.2 2.1 2.6 0.9 1.0
9: Nclone29 1.9 1.7 1.8 1.7 2.1 0.4 0.5 0.6
10: Gm9 2.7 2.7 2.8 2.7 2.9 2.1 2.5 2.7 2.2
11: Nclone4 2.7 2.7 2.8 2.7 2.9 2.1 2.5 2.7 2.2 0.5Gm9
12: Vm12 2.2 2.0 2.5 2.3 2.7 2.2 2.5 2.7 2.3 2.8 2.8
13: Nclone34 2.7 2.7 2.8 2.6 3.3 2.6 2.7 3.2 2.7 3.4 3.4 a ¿:Vm12 0.6
14: Nclone20 2.4 2.4 2.5 2.6 2.7 2.4 2.7 2.9 2.5 2.8 2.8 0.4 0.9
15: Vm10 2.8 2.8 2.9 2.8 3.2 2.7 2.9 3.4 3.0 3.1 3.1 3.4 3.7 3.5
16: Nclone33 3.0 2.9 2.9 2.7 3.2 2.9 2.7 3.2 2.7 3.1 3.1 3.4 3.7 3.5 0.5Vm10
17: Ws23 7.2 7.2 7.3 7.2 7.5 6.5 7.1 7.4 6.9 7.0 7.0 6.8 7.2 7.0 7.1 7.3
18: Nclone8 6.8 6.8 6.8 6.6 7.2 6.4 6.5 6.9 6.4 6.6 6.6 6.5 6.6 6.6 6.5 6.8
1=Vm6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1.2
17
Ws23
Distance matrix in %
Figure 2 Distance matrix oforiginal and novel clones
Clones are numbered in order to highlight the relationship between novel clones and the original 
clones to which they are most closely related, and these levels of sequence divergence are shaded in 
grey and labelled with the appropriate original clone designation. The novel clones derived in this 
study are shown in boldface type.
Nclone8 at positions 300 (G) and 511 (T). 
Nclone16 also had a 3 bp stretch of foreign 
sequence from positions 581-583 (GCA 
CAG). Nclone4 contained two one base deletions 
and a single one base insertion at positions 797, 
811, and 823 respectively.
The frequency of random base changes 
found was approximately 1.5 x 10-3 substitutions 
per base (subs bp-1), assuming that all other 
sequence anom alies were caused by other 
processes (see below ). This rate o f error 
in troduction is approxim ately an order of 
magnitude higher than that previously attributed 
to Taq error in studies targeting human HLA 
sequence (2x10-4 subs bp-1) and phage M13 
(2.8x10-4 subs bp-1) (Keohavong and Thilly 1989). 
Experiments involving the amplification of 16S 
rRNA genes from bacterial pure cultures have 
predicted that less than one error per full-length 
16S rDNA sequence would be expected due to 
polymerase-induced mutations (Weisburg et al.
1991). E rro r rate w ill depend upon the 
polymerase and number of PCR cycles used.
However, these results show that random errors 
can be introduced by PCR and cloning at rates 
high enough to effect diversity estimates, even 
when using a polymerase system with proof 
reading, such as the Expand H-F PCR system. 
As it is not known how polymerase fidelity is 
affected by environmental compounds that often 
remain as contaminants in direct DNA isolations, 
the error rate in environmental studies may be 
higher than that reported here. Furthermore, the 
high potential for secondary structure in single­
stranded 16S rDNA molecules may increase the 
frequency of polymerase error for this target 
(C ariello  et al. 1991). Fortunately, many 
erroneous sequences introduced by Taq error can 
be detected due to their disruption o f base 
interactions essential to the 16S rRNA secondary 
structure (Van de Peer et al. 1997). Such aberrant 
base positions can be discarded from the data set, 
but this does of course introduce the risk of losing 
true 16S rDNA variation that do not meet our 
expectations, especially in silent 16S rRNA genes.
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1111122222222222222233333333333333 
888990001112335566770013 4555788888 
2384938901881978488906 02 6479934689
344444444 444444444444444444555555 55 5555566666666 
913 344444 556666677777777899112344 58 889990 02 34444 
6 03 53 467969012 3901234678806198006 012301367995689
CONSENS TAGGTGGAAAAAGTAATTGAARGCGGGGCA-CGAXXAGGTTCAGAGGTGACATHGCACTHTGACACGGGGGCATCGGAAGACGA
Vm6 * *******g ************G************_*************** **t*****t********A***************
Nclone9 *********************GR**********Ga-*****************T*****T********A*************** 
Nclone10 *********************G********G***-t********g********T*****T********A*************** 
Nclone5 *********************G************at*****************T*****C************************
Gm3 *********************g ************_*****************t*****C************************
Vm11 ********w************G************_*************** **ca****A****G*********T*******AG
Nclone12 *********************g ************at**a************ **CA****A****G*********T*******AG 
Nclone16 *********************G***********Gat* ****************CA*g**A****G*****cag*t *******AG
Nclone2 9 * ********************g **********n *_*n ************* **CA****A****G**n*n****Tnn**n**AG
Gm9 * *a ******************A************_*********AACTGACCA*T*TCC**G***********A********G
Nclone4 * *a ******************A************_*********aaCTGACCA*T*TCC**G***********A********G
Vm12 AT******w**G**GGA****A***********Ga-*******A**A**** **CAT*TCT************************
Nclone2 0 aT*********G**GGA****A********NN**_***c***A**A******CAT*TCT************************
Nclone34 a T***A*****G**GGA****a *********** *at****c**A* *a ******CAT*TCT******************G*****
Vm10 c ****A*******T****A**a ********G***_*****t ***A***** **t***T*C*A****************G*****
Nclone33 c****A*******T****A**A************at*****T***a *******T***T*C*A**********************
Ws23 AT*ACGTT*GG*G*GGACTT*A*_aA-G*C***--C****T*G**AC*GTCCT*T***CC************CTA*-**GTAG
Nclone8 AT*ACGTT*GG*G*GGACTTGA* *****g *N***--C****T*G**AC*GTCCT*T***CC**T*NN******CTA**G* *TAG
1111111111111 1111111111111 11 11 111 11 11111
666677777777788888 8888888888899 99990000000000000 0000000001111 11 11 111 11 11222
567801144469901112 2334444466613 38990001112222233 3333345682222 23 33 334 45 66677
002286935807851683 4780237812522 36692360591238901 2367813211234 50 13 478 99 08418
AGGTAATGTCTCTCCATC--AGTTATACG-ACC--GTATGAGTGAATCTCGAAAGAATCAGTGTTAA--TA--TA-TTT--TT-GTCGTCONSENS
Vm6 g ******N************A*****************G****************C*****************C*******TAC
Nclone9 g *******************A******N**********G****************C*****************C*******TAC 
NclonelO g *******************A******* C *********G****************C*****************C*******TAC 
Nclone5 g *************************************G**A*************C*****************C*******TAC 
GM3 g ***************************C*********G**A********* ****c*****a a t****g **a *c*a *****tac
Vm11 *********m**********************C***************************************************
Nclone12 ************c********C************************************************************** 
Nclone16 *****g*********************-c ******************************************************* 
Nclone2 9 ****************************c******************************c************************ 
Gm9 ****************************c**************T**********T**********A************C*****
Nclone4 ***********-*n-***c*********C**************T**************************************** 
Vm12 *a **************************C***************GT***** **********************c*******TA*
Nclone2 0 *A**************************C*t*************GT***************************C*******TA* 
Nclone3 4 *A*************c************ * *** C *c*********GT***************************C** *****TA* 
Vm10 G*n*****C************C***GTs***********A***T*TC******G**************************C***
Nclone3 3 g *-*****C************C***GT*C******t***A***T*TC******G**************************C***
Ws23 **g *G*C***G*****G****TCTA*T**G**C***CAGCC*GT*G*TC__ *g *CTGA*********************C***
Nclone8 **g *G*C***G*****G****TCTA*T**G*** ***CAGCC*GT*G*TC__*g *CTG**********************C***
Figure 3 Compressed alignment o f original and novel clones
The alignment was compressed by deleting all nucleotide positions common to all clones (except 
positions adjacent to gaps). Base numbering is according to E. coli convention (Brosius et al. 1981) 
and given vertically above the consensus sequence. The order of clones places novel clones below 
the most-related original clone sequence, and novel clone designations are given in boldface type. 
Asterisks denote no difference from the consensus sequence. Bases given in lowercase indicate 
characters that are not present in any of the original clones used in the template mixture. Boldface 
type designates positions where potential chimera or heteroduplex correction events may have cre­
ated sequences that differ from the original clone sequence. The grey shading represents the region 
of the mutational hot spot, and the introduction of a foreign 3 bp sequence (CAG) in Nclone16.
35
Microdiversity introduced by PCR and cloning
Mutational hotspot
A m ajority  o f the aberran t clones 
contained an insertion o f 1 or 2 bp at an apparent 
mutational hotspot between E. coli positions 389 
and 390 (Fig. 3). Nclone5, Nclone12, Nclone16, 
Nclone34 and Nclone33 all contained an AT 
insertion at this position. Nclone9 and Nclone10 
possessed a single base insertion at this site, an 
A and a T respectively. According to the Antwerp 
Database (Van de Peer et al. 1997) of secondary 
structures, this mutational hot spot is at a position 
of a nudge in a hairpin loop observed in known 
16S rRNA secondary structures. If some degree 
of secondary structure is maintained in this region 
of DNA sequence, errors might be induced either 
by the PCR, or during plasmid replication or 
excision repair in E. coli (Sancar and Sancar 
1988). In this case we would expect more reports 
from cloned 16S rDNA sequences with this 
phenomena. These positions should be excluded 
from phylogenetic analyses of cloned material.
Potential Chimeric artifacts
In the comparison of aberrant clone 
sequences with the original clone sequences they 
most closely resembled, the majority of observed 
changes can be found in the DNA sequences of 
other clones present within the original template 
mixture. In such cases, the introduction of 
sequence information from other clones may have 
been induced by the formation of chimeras. 
P resum ptive chim era sequences m ight be 
identified by their possession of signature 
nucleotides of one original clone for one DNA 
region, and signature nucleotides of a different 
clone for another DNA region. An example of a 
putative chimera sequence is Nclone5, which 
contains signature nucleotides from Gm3 for the 
first half of the cloned region, but contains Vm6- 
like sequence at the 3’ end of the molecule. 
Similarly, the Nclone4 sequence could be the 
result of a chimera between Gm9 and Vm11, 
which occurred between positions 1021 and 
1036. As the region used in the DGGE screening 
did not span this region, these potential chimeras 
described above were actually detected due their 
possession of insertions at the mutational hotspot.
The actual proportion of chimeric sequences in 
the total clone library was probably higher than 
that detected.
Potential Heteroduplex artifacts
The production of novel sequences could 
also have been induced by heteroduplex  
formation. The sequence of Nclone8, for instance, 
can viewed as an amalgamation of the original 
clones Ws23 and clone Vm10. All except two of 
the differences between Nclone8 and Ws23 are 
contained w ithin the Vm10 sequence. The 
remaining two differences appeared to be random 
base anomalies. Regions where Vm10 sequence 
may have been introduced could be from position 
332 to 359 and from position 629 to 645. 
Positions 932 and 1053 are also typical of Vm10, 
and not Ws23. Similarly, Nclone34 contains five 
positions where heteroduplex-induced changes 
are possible, and all but one of these changes can 
be explained by sequences found in the original 
clone Vm10. Several other clones also contained 
positions where several other original clone 
sequences m ight be im plicated in having 
introduced changes via heteroduplex repair in E. 
coli. It should be noted that it remains possible 
that these bases have been introduced at random 
and their occurrence in other original clones is 
coincidental.
The production of heteroduplexes is 
highly possible given the high level of sequence 
identity of the clones used in the template mix. 
Also heteroduplexes will form at a much higher 
rate in the plateau phase of the PCR when primer 
concentration becomes limiting. In order to 
exam ine the possib ility  of he teroduplex  
formation, the original plasmid mix and the PCR 
product used to create the clone library were 
subjected to PCR-DGGE using the 357f-GC / 
518r primers (Fig. 1). In both cases, two novel 
DGGE bands were produced that were not 
observed either among the original clones or 
among the recovered clones. These DGGE bands 
were excised and reamplified with the same 
primers. DGGE of the reamplified products 
resulted in a banding pattern with all the bands 
detected in the mixed PCR DGGE patterns from
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which the bands were excised, although with 
different relative band intensities (Figure 2). This 
result suggests that these bands consist of DNA’s 
tha t o rig inated  from  m ore than a single 
homoduplex molecule (Nagamine et al. 1989, 
Ferris et al. 1996). All other DGGE bands (i.e. 
those that match original clones) produced the 
expected  single bands a fter excision, 
reamplification, and DGGE (not shown).
Synthesis
It should be noted that both amplification 
mixtures did not produce a visible band at the 
position of the original clone Vm11. It was also 
observed that single template amplification 
reactions with clone Vm11 produced low product 
yield. Sequence determination revealed that this 
clone contained a single mismatch with the 518r 
primer, which would explain its relatively poor 
amplification and consequent lack of detection 
by multiple-competitive PCR-DGGE screening. 
Phylogenetic analysis of all the novel clone 
sequences grouped them, together with all the 
o rig inal clone sequences, w ith in  the 
Nitrosomonas-like sequence cluster previously 
detected in freshwater environments (results not 
shown, Chapter 2). Thus, although the PCR and 
cloning procedures introduced up to 1.2% 
sequence variation in comparison to the original 
sequences, this did not affect the overall 
phylogenetic  p lacem ent of the recovered 
sequences. Although this result might imply that 
such introduced variation does not have gross 
effects on phylogenetic placement of recovered 
sequences, this result may have been different had 
the original clones been taken from more 
phylogenetically diverse organisms.
Due to the conserved nature of the 16S 
rRNA gene, different environmental ecotypes 
may possess 16S rDNA sequences with a high 
degree of identity , especially  w ith in  
phylogenetically narrow functional groups. The 
results presented here emphasize the difficulties 
associated with the interpretation of small degrees 
of sequence diversity within 16S rDNA clone 
libraries, in terms of the diversity of ecotypes in 
the environment. Complicating matters, such as
sequence aberrations, especially those caused by 
heteroduplex and chimera formation between 
closely related sequences, can be very difficult 
to detect with currently available sequence 
analysis methods (Komatsoulis and Waterman 
1997, Larsen 1999). The presence of multiple 
16S rDNA sequences within a single organism, 
with up to 2% sequence divergence (Nübel et al. 
1996, Ueda et al. 1999), further hinders the 
interpretation of microvariation within 16S rDNA 
datasets. The identification of closely related, yet 
ecologically distinguishable, ribotypes in the 
environment therefore requires that cloning 
experiments be complimented by other methods.
Techniques that simultaneously examine 
all DNA fragments within a PCR product, such 
as DGGE (Muyzer et al. 1993) or T-RFLP (Liu 
et al. 1997), fail to detect individual aberrant DNA 
molecules and therefore should avoid some of 
the problems associated with the analysis of 
individual DNA molecules. These techniques 
have been used to track closely related ribotypes, 
and combining such approaches with strategies 
like pure and enrichment culture studies can 
strengthen ecological inferences (Ferris et al. 
1996, Liu et al. 1997, Brinkhoff et al. 1998). The 
introduction of microheterogeneity artifacts by 
PCR and cloning strategies may help explain some 
of the discrepancies seen when comparing the 
diversity of clone libraries and PCR-DGGE 
profiles. For instance, Stephen et al. (1996) found 
a large level o f m icroheterogeneity among 
ammonia oxidizer-like clones recovered from 
marine sediments, whereas a PCR-DGGE study 
of the same samples revealed only a single 
sequence for each of the sequence groups 
detected (M cCaig et al. 1999). The use of 
molecular targets with greater levels of sequence 
diversity and / or specific relevance to the 
environmental function of interest, should also 
continue to increase the resolution with which 
ecologically different, yet closely related, 
microbial populations can be studied (Wawer et 
al. 1995, Rotthauwe et al. 1997, Dunfield et al.
1999).
Our appreciation o f the genetic and 
functional diversity within microbial communities
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has grown tremendously over the past decade, Acknowledgements
in part due to results of PCR and cloning-based The authors thank John R. Stephen for 
studies. However, the results presented here valuab le  com m ents and fo rthcom ing co ­
illustrate the caution that must be exercised when operation. 
trying to use minor variations in 16S rDNA 
sequence data to describe microbial diversity.
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Recovery of a Nitrosomonas-like amoA sequence group from 
freshwater habitats
Chapter 4
Arjen G.C.L. Speksnijder1, George A. Kowalchuk2, Sander de Jong1 and Hendrikus J. Laanbroek1
1 Netherlands Institute of Ecology - Centre for Limnology, Rijksstraatweg 6,
3136 AC Nieuwersluis, the Netherlands
2 Netherlands Institute of Ecology - Centre for Terrestrial Ecology, Boterhoeksestraat 22,
6666 ZG Heteren, the Netherlands
A molecular approach, focussing on the gene encoding the active site-containing subunit of 
ammonia monooxygenase (amoA), was used to study the diversity of ammonia-oxidizing 
bacteria in freshwater and freshwater sediment. Target amoA sequences, showing affinity 
with the ß-subgroup of ammonia-oxidizing bacteria, were recovered by specific PCR using 
DNA extracted directly from freshwater and freshwater sediment samples. A sewage sample, 
pure cultures and soil enrichments were included in the analysis for comparison. The dominant 
recovery of Nitrosomonas-like amoA sequences from several locations is in agreement with 
previous findings based upon 16S rDNA analysis. The results of this study extend the known 
diversity of amoA like sequences and allow greater phylogenetic comparison with the 16S- 
rDNA sequence data.
Introduction
Ammonia-oxidizing bacteria of the ß- 
subgroup Proteobacteria are p rincipally  
responsible for the primary step of ammonia 
oxidation in a variety of non-marine habitats 
(B elser 1979, H all 1986, L aanbroek  and 
W oldendorp 1995). Increased  am m onia 
deposition in recent decades due to agricultural 
and industrial input has led to elevated nitrogen 
levels in various environments (Van Breemen and 
Van Dijk 1988). Nitrification in such habitats can 
lead to several problems, including nitrate 
contam ination  of drinking  w ater, hab ita t 
acidification and eutrophication (Hall 1986, 
Prosser 1989). The ecology of this key functional 
group of microorganisms has consequently been 
the subject of intense research in recent years.
A m m onia-oxid iz ing  b acte ria  are 
notoriously refractory to traditional laboratory 
culture techniques and their low maximum 
growth rates and growth yields have complicated 
the study of their ecological importance and in
situ diversity. However, the monophyletic nature 
of the ß-subgroup ammonia-oxidizing bacteria 
has facilitated the development of PCR-based 
strategies targeting this group (McCaig et al.
1995, Hiorns et al. 1995, Voytek and Ward 1995, 
Stephen et al. 1996, Kowalchuk et al. 1997). Such 
studies have primarily targeted the 16S rRNA 
gene. Although such strategies have greatly 
increased our appreciation of ammonia oxidizer 
diversity and distribution, the highly conserved 
nature of the 16S rRNA gene does not allow 
robust phylogenetic analysis of closely related 
ecotypes. Artifacts introduced by PCR, cloning, 
or sequencing procedures may also introduce 
microvariation, thus making the interpretation of 
slight sequence differences problematic (Wang 
et al. 1997, Chapter 2).
A m m onia-oxid izing  b acteria  are 
distinctive in their universal possession of the 
enzyme ammonia monooxygenase, and PCR- 
based strategies have recently been developed to
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target the active site-encoding gene, amoA, for 
the detection of ß-subgroup ammonia-oxidizing 
bacteria (Sinigalliano et al. 1995, Rotthauwe et 
al. 1997, Stephen et al. 1999). Although this 
target cannot be used in the phylogenetic 
placement of ammonia-oxidizing bacteria among 
other bacteria, the higher degree of variation 
within this gene, in comparison to the 16S rRNA 
gene, allows for finer level of phylogenetic 
analysis within this group (Rotthauwe et al.
1995). A previous study detected a dominance 
of Nitrosomonas-like 16S rDNA sequences in a 
variety o f freshw ater environm ents in the 
Netherlands (Chapter 2). It was our goal here to 
provide a more detailed description of the 
diversity and community structure of the ß- 
subgroup of ammonia oxidizers inhabiting such 
habitats, using amoA as a genetic marker. The 
molecular strategy employed involved specific 
PCR am plification  from environm entally  
extracted DNA, restriction length polymorphism 
(RLFP) of cloned amoA fragments, sequence 
analysis o f unique RFLP patterns, and 
phylogenetic analysis of these recovered amoA 
sequences. A sewage sample and several pure 
and enrichment cultures were also included in the 
analysis to provide a point of reference, and 
results from previous studies targeting amoA 
(Stephen et al. 1999, Rotthauwe et al. 1997) were 
also including in the analysis. Results are 
discussed with respect to the use of amoA 
sequence data in the description of ecotypes and 
the congruence of phylogenetic trees based upon 
amoA and 16S rDNA sequence data.
Materials and methods
Sample sites and sampling procedure
The studied sample sites are listed in Table
1. Water column samples were taken from Lake 
IJsselmeer at Medemblik (5°34’E, 52°50’N). 
Lake IJsselmeer was formed by the closing off a 
marine lagoon, the Zuiderzee, by a dam in 1933 
and is the la rgest freshw ater lake in the 
Netherlands (1190 km2). Water samples were 
taken by filtering 50 ml of a mixed sample, pooled 
from different depths, over a polycarbonate filter 
(25 mm diam eter 0.2 mm cut-off, BA83
Schleicher and Schuell, Dassel, Germany). 
Multiple sediment samples were taken from Lake 
G ooim eer (5 °1 0 ’E, 52°18’N, non-clayey 
moderately coarse sand, 26 km2 surface area) and 
Lake Drontermeer (5°50’E, 52°28’N, non-clayey 
medium fine sand, 6 km2 surface area). These two 
lakes are man-made and used for the water 
management of land areas reclaimed from the 
southern part of Lake IJsselmeer. Sediment 
sampling was perform ed with plastic core 
samplers with a diameter of 5 cm. The sediment 
in each core was pushed upwards with a plunger 
allowing 5 mm-thick layers to be sliced off with 
a sterile razor blade. The Brussels sewage sample 
was taken according to De Bie et al. (this thesis). 
All enrichments came from calcareous grassland 
soils (Gerendal Nature Reserve, the Netherlands), 
except for the AbII enrichment, which was from 
a peaty, slightly acid grassland soil (Drentsche A 
Nature Reserve, the Netherlands). PCR and 
hybridization screening of16S rDNA from these 
enrichment cultures classified them as containing 
Nitrosospira-like ammonia oxidizers (Kowalchuk 
et al. 1999a, b). Pure cultures of Nitrosomonas 
urea Nm10, Nitrosomonas marina Nm22, 
Nitrosomonas europaea and Nitrosomonas 
eutropha w ere grow n as described  for 
Nitrosomonas europaea by Verhagen and 
Laanbroek (1991). After one month of growth,
100 ml o f each culture was filtered over a 
polycarbonate filter.
DNA extraction
DNA was extracted and purified from 
water, sediment and culture samples using a 
modification of the method described by De Bie 
et al. (this thesis). Either 0.5 g sediment sample 
or half a polycarbonate filter containing filtered 
samples of freshwater or cultures or enrichments, 
was added to a 2-ml screw-cap tube containing 
0.5 ml TE (Tris 10mM/EDTA 1mM pH 7.6) 
buffer, 0.5 ml TE saturated phenol (Gibco 
Laboratories, Detroit, MI, USA) and 0.5 g 0.1 
mm diameter acid-washed Zirconium beads 
(Biospec Products, Bartlesville, OK, USA). The 
tubes were shaken at 5K rpm four times for 30 
seconds in a Mini Beadbeater (Biospec Products) 
and chilled on ice between shaking periods. After
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centrifugation for 3 minutes at 5K x g, 0.5 ml of 
the aqueous layer was removed and extracted 
once w ith  0.5 ml pheno l/ch lo ro fo rm / 
isoamylalcohol 25:24:1 (Gibco) and once with 
chloroform /isoam ylalcohol 24:1. 0.4 ml of 
remaining aqueous layer was recovered for 
subsequent DNA precipitation with 0.1 volume 
3M sodium acetate pH 5.2 and 2 volumes ethanol 
for 3 hours at -20°C. DNA was pelleted at 13K 
x g  for 20 minutes and was washed once with 
70% ice cold ethanol. After air drying, the pellet 
was resuspended in 50 ml TE. Further purification 
was performed with Wizard DNA clean up 
colum ns (Prom ega, M adison, W I, USA) 
according to the manufacturer. DNA was eluted 
in a final volume of 50 ml TE of 80°C from the 
column and stored at -80°C until use. DNA from 
the enrichm ents was isolated as described 
previously by Kowalchuk et al. (1999a).
PCR o f environmental samples, enrichment 
cultures and pure cultures
5 ml of each DNA isolation was used (1 ml 
from culture isolate) as template in 50 ml total 
volume reactions with the amoA-1F*/ amoA-2R 
primers, which are designed to amplify the amoA 
gene of the ß-subgroup of ammonia-oxidizing 
Proteobacteria (Figure 2; Rotthauwe et al. 1997). 
A modification was made in the amoA-1F* primer 
based on the extension of the sequence database 
according to Stephen et al. 1999. The final 
reaction mix contained 0.5 pM of each primer, 2 
ml 10 mg/ml bovine serum albumin (New England 
Biolabs, Beverly, MA, USA), 2.5 units Expand 
High-Fidelity DNA polymerase (Boehringer 
Mannheim, Germany), and the buffer conditions 
recommended by the manufacturer. PCR was 
performed in a Omnigene thermocycler (Hybaid, 
Middlesex, UK) using a regime of 3 min at 94°C; 
followed by 45 cycles of 60 s 92°C, 60 s 55 °C 
and 45 s +1 s /cycle at 68°C and a final round of 
5 m in at 6 8 °C. The PC R  product of 
approximately 490 bp was examined on a 2% 
agarose 0.5 x TBE (1 x TBE = 90 mM Tris- 
Borate, 2 mM EDTA, pH 8.3) gel and stained 
with Ethidium Bromide to confirm product 
integrity.
Construction of amoA gene libraries
Partial amoA libraries were constructed 
by cloning PCR products recovered after direct 
amplification with the amoA-1F*/ amoA-2R 
primer set, the expected 491 bp band was excised 
and DNA isolated using QIAquick spin columns 
(Qiagen, Hilden, Germany). Ligation of the 491 
bp product in pGEM -T vector (Prom ega, 
Madison, WI, USA) and transformation by heat 
shock in Epicurian Coli X L1-Blue M R F’ 
supercompetent E.coli cells (Stratagene, La Jolla, 
CA, USA) were executed according to the 
manufacturers’ protocols. Plasmids were isolated 
after overnight culturing of the colonies in liquid 
LB medium, using the High Pure Plasmid 
Isolation Kit (Boehringer).
Screening of amoA libraries
The number of clones examined per 
sample site are summarized in Table 1. Colony 
screening was performed using a toothpick to 
take a small portion of a colony as template DNA. 
Each 25 ml reaction contained 1.25 units Taq 
DNA polymerase (Boehringer), 1.5 mM MgCl2, 
10mM Tris/HCL pH 8.3, 50 mM KCl, 0.01% w/ 
v gelatin, 200 mM of each deoxynucleotide, and 
amoA-1F*/ amoA-2R prim ers were added. 
A m plifica tion  w as perform ed using  a 
thermocycling regime of 3 min at 94°C; followed 
by 45 cycles of 60 s 92°C, 60 s 55°C and 45 s +1 
s /cycle at 68°C and a final round of 5 min at 
68°C. 10ml of PCR product was loaded on a 2% 
agarose gel as described above. Bands o f490 bp 
were cut and purified using QIAquick spin 
columns. Eluted DNA was digested with MspI 
(Boehringer) restriction enzyme in a 20ul reaction 
according to the manufacturer. Ten microlitres 
of the digested product were analyzed on a 2% 
agarose gel, and a single representative of every 
observed restriction pattern within each clone 
library was selected for sequence analysis. Only 
clones derived from the enrichment samples were 
screened with MspI. Clones from the cultures 
were randomly picked. Clones were from cultures 
and enrichments were sequenced to test the 
inclusiveness of amoA-1F*/ amoA-2R primer set 
in the screening for ammonia oxidizer-like amoA 
sequences.
41
amoA analysis of freshwater samples 
Table 1 Summary of sample sites and clone recovery
Samplesite / description Occurrence of pattern Code EMBL accession
in clones examined numbers
SEDIMENT SAMPLES
Lake Gooimeer
top layer 10 of 10 pattern A pGtA. 1 to 3 AJ3 88565 to
AJ388567
5 cm layer 5 of 8 pattern A' a pG5A 1 and 2 AJ3 88568 and
AJ388569
“ “ 3 of 8 pattern B pG5B.1 and 2 AJ3 88570 and
AJ388571
Lake Drontenmeer
top layer 7 of 8 pattern A pDtA. 1 to 3 AJ3 88572 to
AJ388574
“ “ 1 of 8 pattern C pDtC.1 AJ388575
WATERCOLUMN SAMPLES
Medemblik 6 of 8 pattern A pMpA. 1 to 3 AJ3 88576 to
AJ388578
“ “ 2 of 8 pattern C pMpC.1 AJ388579
Brussels waste water 5 of 6 b pattern D pBru. 1 and AJ3 885 80 and
pBru.2 AJ388581
ENRICHMENT SAMPLES
Drentse A soil
AbII3 : 16S rDNA 3 of 3 pattern G pAbII3.2 AJ388582 (G)
Cluster 2 Nitrosospira
Gerendal soil
IaI2, IaI3: 16S rDNA 2 of 6 pattern E pIaI2.2 and AJ388588 (E) an
Cluster 3 Nitrosospira 4 of 6 pattern F pIaI3.1 AJ3 885 89 (E)
IaI4: 16S-rDNA 1 of 3 pattern G pIaI4.1 AJ388583 (F)
Cluster 4 Nitrosospira 2 of 3 pattern F
CULTURES
Nitrosomonas urea Nm10: pNU.1 and AJ3 885 84 and
16 S rDNA cluster 6a pNU.2 AJ388585
Nitrosomonas
Nitrosomonas marina Nm22: pNM. 1 and AJ3 885 86 and
16 S rDNA cluster 6 pNM.2 AJ388587
Nitrosomonas
a MspI restriction patterns were indistinguishable from A, but sequences formed a 
separate cluster within the Nitrosmonas urea-like sequences recovered. 
b One clone had no insert
Nucleotide sequence determination and 
phylogenetic analysis
D ouble-stranded  cycle sequencing 
reactions w ere perform ed w ith  the 
T herm osequenase k it (A m ersham , L ittle
Chalfont, UK) according to the manufacturers 
recommendations using Texas Red- labeled 
primers. Sequencing primers included the vector- 
specific prim ers Sp6 and T7. Sequencing 
reactions were run and analyzed on a Vistra DNA
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sequencer 725 (Amersham). Sequence data was 
edited and assembled with the Sequencer 3.0 
(Gene Codes Corporation, Ann Arbor, MI, USA) 
software package and format conversions were 
carried out in Seqapp 1.9a169 (Gilbert 1993). 
amoA sequence alignments o f490 bp nucleotide 
positions were carried out with the addition of 
sequences retrieved from EMBL and pre-aligned 
in Sequencer 3.0. M anual alignm ent was 
perform ed in the D edicated Com parative 
Sequence Editor program (De Rijk and De 
W achter, 1993) Phy logenetic  trees were 
constructed with the Treecon program (Van de 
Peer and De Wachter 1994) using neighbour- 
joining analysis with Jukes and Cantor (1969) 
correction. Gaps were not taken into account in 
the analysis, and bootstrap analysis was based 
upon 100 replicates. A second analysis was 
performed on 400 bp in the alignment with all 
sequences in frame without bootstrap and using 
the information of the first and second base 
position in a codon. Analysis of the first 200 bases 
and o f the last 200 bases was perform ed 
separately to check the integrity of the tree and 
the presence of chimeric sequences.
Accession numbers from the EMBL 
database of previously determined amoA-like 
sequences used in the analysis are: Nitrosomonas 
eutropha C-91 (Z97861); Nitrosomonas 
europaea (L08050); Nitrosospira briensis C-128 
(U 76553); Nitrosolubus multiformis C-71 
(X90822); Nitrosospira sp. AV (U38250); 
Nitrosospira sp. AHB-1 (X90821); Clone SP-3 
(Z97854); Clone SP-6 (Z97846); Clone SP-7 
(z97847) Clone SP-9 (Z97848); Clone SP-14 
(Z97849); Clone Pluß-see (Z97850); Clone 
Schohsee (Z97851); Clone RR-45-2 (Z97833); 
Clone RR-45-3 (Z97834); Clone RR-90-6 
(Z97839); Clone NAB_0_26 (AF056062). 
Partial amoA sequences determined in this study 
have been deposited into the EMBL sequence 
databank and their accession numbers are given 
in Table 1.
Accession numbers of the reference 
sequences used in the 16S phylogenetic analysis 
are: Nitrosococcus mobilis (M 96403); 
Nitrosomonas halophila (Z46987); 
Nitrosomonas eutropha (M 96402);
Nitrosomonas europaea (M 96399); 
Nitrosomonas urea N m 10 (Z46993); 
Nitrosomonas sp. N m 22 (Z46990); 
Nitrosomonas marina (M96400); Nitrosospira 
sp. 40KI (X84656); Nitrosospira briensis 
(M 96396); Nitrosospira AHB-1 (X90820); 
Nitrosospira sp. B6 (X84657); Clone EnvA1-21 
(Z61097); Clone EnvA2-13 (Z69097); Clone 
EnvB1-17 (Z69104); Clone EnvC2-23 (Z69125); 
C lone Gm2 (A J003750); C lone G m 8 
(AJ003749); Clone Ws23 (AJ003775); Clone 
Ws26 (AJ003777); Band 7-96.1 (AJ132059); 
B and 7-96.2 (A J132058); B and 7-96.3 
(AJ132057); Band Br1 (AJ132060); Band Br2 
(a J1 3 2 0 6 1 ); B and Br3 (A J132062); 
Commamonas testosteroni (A B 007996); 
Gallionella ferrugineae (L07897); Leptothrix 
discophora (Z18533); Nitrosococcus oceanus 
(M 96398); Escherichia coli (Z83204). 
Alignment and tree construction of the 16S rDNA 
sequences was perform ed accord ing  to 
Speksnijder et al. (Chapter 2).
Results
RFLP analysis ofamoA-like sequences recovered 
from environmental samples, enrichments and 
pure cultures
PCR products of the expected size (490 
bp) were recovered from all samples examined. 
The M edemblik water sample produced an 
additional band of approximately 390 bp. This 
extra band was cloned and sequenced. A Fasta 
search of the EMBL database revealed that this 
fragm ent had no relation to known amoA 
sequences, and showed less than 40% sequence 
identity to the best matching database entry. This 
fragm ent was assumed to be the result of 
fortuitous primer binding, and not included in 
further analyses.
A total of three MspI restriction patterns 
(A, B, and C; Figure 1) were distinguished among 
amoA-like clones recovered from freshwater and 
freshwater sediments (Table 1). Of the analyzed 
clones from the sewage sample, all produced an 
identical restric tion  pattern (D), w ith the 
exception of one, which contained no insert. A 
total of three MspI restriction patterns (E, F, and
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Figure 1 Restriction patterns of the analyzed 
clones
The letters correspond to the restriction patterns 
described in table 1.
G) were detected in the grassland soil enrichment 
cultures. In three cases (IaI2, IaI3 and IaI4) 
multiple restriction patterns were recovered from 
a single enrichment culture, despite the fact that 
16S rDNA screening revealed the presence of 
only a single ribotype (Kowalchuk et al. 1999b). 
MspI digestion patterns from randomly selected 
clones recovered from pure cultures all differed 
from the classes described above, except for 
Nitrosomonas marina Nm22, whose RLFP 
pattern matched that of pattern A (not shown).
For sequence analysis, at least one 
representative of each MspI restriction pattern 
was chosen per environmental sample. Each MspI 
class encountered in the enrichment cultures was 
also represented at least once in the sequence 
analysis, and two clones recovered from each 
pure cu lture w ere random ly selected  for 
sequencing.
Phylogenetic analysis ofcloned amoA sequences
A neighbor-joining tree of the recovered 
amoA-like sequences is shown in Figure 2a and 
was similar to the bootstrap analysed tree. All 
but two o f the sequences recovered from 
freshwater samples formed a monophyletic
cluster within the Nitrosomonas clade, showing 
a close affinity with the sequences derived from 
Nitrosomonas urea. The two clones sequenced 
from Nitrosomonas urea had nearly identical 
sequence. Two sequences, Schohsee and SP-9, 
previously recovered from freshw ater lake 
enrichm ent and directly  from freshw ater, 
respectively , also grouped w ith in  th is 
Nitrosomonas urea branch. Am ong the 
Nitrosomonas urea-affiliated clones, subgroups 
of sequences could be distinguished. These 
subgroups tended to reflect MspI restriction 
results, although clones derived from Lake 
Gooimeer 5 cm sample showed restriction pattern 
A, but did not cluster with the other sequences 
with this pattern, and have been designated as 
group A' (Figure 2a)
The two clones that fell outside the 
outside the Nitrosomonas urea branch (MspI 
class C) were most closely to sequences from 
the culture strains Nitrosomonas europaea and 
Nitrosomonas eutropha and the clones SP-6 and 
SP-3, which were recovered from activated 
sludge of a sewage treatment plant near Plön 
(G erm any). As expected, the sequences 
recovered from Nitrosomonas europaea and 
Nitrosomonas eutropha strains in this study were 
highly similar to sequences already available in 
the database, and both clones for each strain gave 
identical sequence. The two nearly identical 
sequences recovered from Nitrosomonas marina 
Nm22 formed a rather distinct lineage from the 
freshwater clones and Nitrosomonas urea within 
the Nitrosomonas clade.
Clones from the Brussels sewage sample 
(Belgium) and soil enrichments all clustered 
within the Nitrosospira clade. The Brussels 
w astew ater amoA clones all contained 
Nitrosospira-like sequences, m ost closely 
affiliated with Nitrosospira sp. AV and an 
activated sludge clone, SP-7 (Rotthauwe et al. 
1997). This exclusive recovery of Nitrosospira- 
like sequences is noteworthy considering that 16S 
rDNA fragments recovered by PCR from this 
same sample revealed the presence of both 
Nitrosomonas and Nitrosospira, and suggested 
a dominance of the former genus (De Bie et al. 
this thesis). The clones pIaI3.1 and pIaI2.2,
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recovered from separate enrichment cultures of 
calcareous grassland soils, were most closely 
related to a sequence previously recovered from 
an agricultural loam soil, NAB_0_26 (Stephen 
et al. 1999). Interestingly, these sequences were 
nearly identical to the first 400 bp o f the 
NAB_0_26 clone, but contained 40-45 bp of 
unrelated sequence at their 3 ’ terminal ends. 
These 3’ sequences were not related to any 
known amoA genes, and their origin remains 
unknown. The 3’ terminal region of these clones 
was assumed to be artefactual and was not 
included in the phylogenetic analysis. One clone 
retrieved from Lake Gooimeer consisted of 
amoA-like sequence for the majority of the insert, 
but contained 20bp AT repeat. This clone is not 
included in the phylogenetic analysis, but is 
mentioned to because of this interesting feature. 
The clone pAbII3.2 from the slightly acid 
grassland soil enrichment was most closely related 
to RR-90-6, which was retrieved from rice soils 
(Rotthauwe et al. 1997). The clone pIaI.4 was 
almost identical a clone, RR-40-3, recovered 
from rice soil (Rotthauwe et al. 1997).
Partial analysis of the alignment upstream 
and downstream did not effect the clustering of 
sequences recovered in this study (not shown), 
although it did reveal an uncertain placement of 
the Pluß-see clone (Rotthauwe et al. 1997). This 
sequence was originally described to group with 
the Nitrosomonas clade, but was placed basal to 
the Nitrosospira / Nitrosomonas radiation in our 
analysis. Comparison of the neighbour joining 
trees produced with amoA and 16S rDNA 
sequences reveals a general congruence in their 
topologies (Figures 2a and 2b). The genus 
groupings, Nitrosospira and Nitrosomonas, were 
supported by both trees, and both markers show 
a group o f sequences, a ffilia ted  w ith 
Nitrosomonas urea, to be dominant among 
freshwater clones.
Discussion
The amoA sequences retrieved from the 
freshwater sample sites support previous 16S- 
rDNA data that suggested a dominance of 
Nitrosomonas species among the ß-subgroup
ammonia-oxidizing bacteria in these freshwater 
habitats (Chapter 2). As was seen using the 16S 
DNA m arker, the m ajority  o f recovered 
sequences formed a monophyletic group most 
closely affiliated w ith Nitrosomonas urea. 
However, clones of MspI restriction class C (3 
clones out of a total of 34 freshwater clones 
screened) contained sequences that grouped with 
Nitrosomonas europaea and Nitrosomonas 
eutropha. Previous 16S rDNA analysis did not 
reveal any sequences related to these species 
(C hapter 2). There are several possib le  
explanations for the apparent discrepancy of the 
data retrieved for these two markers. It is possible 
th a t Nitrosomonas europaea-like amoA 
sequences w ere recru ited  in to  some 
Nitrosomonas urea-like bacteria. Although this 
possibility cannot be excluded, the further 
congruence of the amoA and 16S rDNA 
phylogenetic  trees suggests tha t such an 
assumption would be unwarranted. A more like 
possibility is that the primer sets used for the 
specific recovery of ammonia oxidizer amoA and 
16S rDNA fragments are not equal in their 
preferences to amplify target sequences from 
target organisms. Another apparent discrepancy 
between amoA and 16S rDNA data was observed 
in the analysis of the sewage sample. We detected 
only Nitrosospira-like amoA sequences in this 
sample. However, both Nitrosospira- and 
Nitrosomonas-like 16S rDNA sequences were 
previously detected (De Bie et al. this thesis). 
The suggestion that such apparent discrepancies 
were caused by limitations in the primer sets used, 
and not by transfer of genes is even stronger in 
this case, as such transfer would have had to occur 
across genera. It is however not yet possible to 
determine which one, or both, of the primer sets 
used might be deficient in its coverage of the 
target group. N evertheless, the dom inant 
detection of Nitrosomonas urea-like sequences 
in the freshwater samples was observed with both 
approaches, and amoA data lends further support 
to the dominance of this Nitrosomonas-like group 
in such freshwater habitats.
As expected, the amoA sequences 
showed a higher degree of sequence variation 
than observed for 16S rDNA sequences. In
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Figure 2a Neighbor-joining tree o f ß-subgroup Proteobacteria amoA sequences 
Phylogenetic tree including freshwater and sediment clones recovered during this study (bold) and 
other studies as well as representatives of cultured strains. Sequence abbreviations are given in Table
1 and phylogenetic analysis was achieved for 400 informative positions meaning the information of 
the first 2 bases in a codon. The tree was rooted with the sequence of a methane mono-oxygenase 
gene.
Chapter 2 we were unable to correlate the 
presence of specific Nitrosomonas urea-like 
sequences with particular freshwater niches. 
Analysis of amoA sequences, however, revealed 
a clear separation between the majority of clones 
recovered from the top layer of sediment and the
water column (cluster A in Figure 2a) versus 
those clones recovered from the 5 cm sediment 
layer (clusters B and A'). These differences, which 
were not detectable using a 16S rDNA approach, 
may constitute distinct ecotypes that are adapted 
to specific environmental conditions, such as
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Figure 2b Neighbor-joining tree of selected 16S rDNA sequences
Phylogenetic tree was based on 434 informative positions from base 208 to 642 with respect to 
E.coli numbering (Brosius et al. 1989) including freshwater sediment clones, direct sequences from 
Brussels sewage and the Schelde estuary as well as representatives of cultured strains.
oxygen availability. The increased sensitivity of ribotype, but multiple amoA sequences (and MspI
the amoA marker with respect to 16S rDNA data classes) were detected within a single enrichment
is further demonstrated in the analysis of the soil in some cases (Table 1).
enrichment cultures. All enrichment cultures were The screening of clone libraries by MspI
previously shown to contain a single 16S rDNA restriction digestion (Stephen et al. 1999)
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provided an efficient primary characterization of 
recovered clones, but was not 100% accurate in 
predicting phylogenetic affiliations. For example, 
restriction pattern A was produced by clones 
falling into no less than three phylogenetic 
lineages (designated A, A', and Nitrosomonas 
marina Nm22 in Figure 2a). This result is not 
entirely unexpected, as the RFLP analysis only 
targets a very limited number of restriction sites, 
which may be held in common across reasonably 
diverse lineages.
The topology of the phylogenetic trees 
based upon amoA and 16S rDNA data is very 
similar. Not only are sequence groupings similar 
for strains that appear in both trees, but the 
relative branch distances within the two genera 
are also com parable. In both  cases, 
Nitrosomonas-like sequences show longer branch 
lengths among each other compared to the 
Nitrosospira clade. This is suggestive of a longer 
evo lu tionary  developm ent am ong the 
Nitrosomonas clade, assuming that both genera 
have been evolving at equal rates.
The data presented in this study allows 
for a more detailed phylogenetic comparison of 
Nitrosomonas-like sequences. Stephen et al. 
(1996, 1998) suggested that bacteria possessing 
Nitrosomonas-like 16S rDNA sequences 
affiliated with Nitrosomonas urea might be 
ecologically distinct from other Nitrosomonas 
(Chapter 2). These authors proposed a separate 
16S rDNA sequence cluster to describe such 
sequences, designated Nitrosomonas cluster 6a. 
The amoA data presented here, including the
amoA sequence of Nitrosomonas urea, support 
such a distinction. The tight clustering of the 
freshwater and top sediment amoA sequences 
detected in this study should allow for the design 
of highly specific oligonucleotide probes for this 
group, thus providing a means of tracking amoA 
expression o f these bacteria in situ and in 
laboratory experiments. Pure culture sequences 
further support 16S rDNA phylogeny with the 
clustering o f Nitrosomonas europaea and 
Nitrosomonas eutropha sequences, and the rather 
deep branching of Nitrosomonas marina Nm22. 
The Nitrosospira-like sequences recovered from 
the soil enrichment cultures further support the 
Nitrosomonas / Nitrosospira d istinction . 
Additional studies, however, are necessary to link 
the ecological importance proposed for particular 
Nitrosospira sequence clusters (Stephen et al. 
1998, Kowalchuk et al. 1999a, b) with amoA 
sequence data. In general, our results support 
previous data based upon 16S rDNA analysis, 
and illustrate the greater discriminatory power 
of this functional gene marker in describing 
ammonia oxidizer distribution and diversity.
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Changes in community structure of ammonia-oxidizing ß- 
subgroup Proteobacteria along the eutrophic Schelde estuary
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Chemolithotrophic ammonia oxidation is the primary step in the elimination of nitrogen from 
many eutrophicated estuarine systems. Estuaries are both spatially and temporally variable 
with respect to environmental factors critical to ammonia oxidizer growth and activity. Given 
the low growth rates known for ammonia-oxidizing bacteria, and the relatively short residence 
time in the estuarine systems, it is not known to what extent these organisms adapt to or are 
selected by environmental gradients encountered in the estuary. Molecular techniques targeting 
the 16S rRNA gene were used to investigate the community structure of ammonia-oxidizing 
bacteria of the ß-subgroup Proteobacteria along the Schelde, a eutrophic estuary system. A 
dominance of Nitrosomonas-like sequences was detected on three separate sampling dates, 
and a community shift between different Nitrosomonas-like groups was observed along the 
estuary. The most frequently detected ammonia oxidizer-like sequences in the freshwater 
part of the estuary were associated with a sequence cluster previously designated as 
Nitrosomonas cluster 6a. This group, which contains the cultured strain Nitrosomonas urea, 
has previously been detected as the dominant ammonia oxidizer group in various freshwater 
systems, and was also the dominantly recovered sequence cluster from a contributory sewage 
effluent sample examined. The 16S rDNA recovered from brackish locations further 
downstream was dominated by a group of novel Nitrosomonas-like sequences. Nitrosospira- 
like sequences represented only a small minority of those detected for all samples. The described 
changes in community structure occurred in the estuarine region with the sharpest observed 
gradients in salinity, oxygen, and ammonia. These results suggest that physiologically distinct 
Nitrosomonas-like groups may be differentially selected by the environmental gradients 
encountered along the estuary.
Introduction
The discharge o f large am ounts of 
nitrogen into the environment has led to the 
eutrophication of many estuarine systems. In the 
Schelde estuary, domestic and industrial waste
products (both treated and untreated) as well as 
runoff from fertilized agricultural lands have 
contributed to nitrogen enrichment. Nitrogen 
enters the estuary predominantly in its reduced
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form ammonia (NH3), or ammonium (NH4+) in 
its protonated form, which can be oxidized to 
nitrite (NO2-) by chemolithotrophic ammonia- 
oxidizing bacteria. Ammonia oxidation is the first, 
and often rate-limiting step, in the removal of 
nitrogen from environmental systems (Prosser 
1989), and nitrification is quantitatively important 
in the estuary, in terms of both ammonia and 
oxygen consumption (Soetaert and Herman 
1995a). Estuarine environments contain gradients 
with respect to salinity, ammonia concentration, 
and dissolved oxygen levels. Thus, as bacteria 
travel with the residual seaward current, they 
encounter changing environmental conditions. 
The residence time of water in the total estuary 
is about 60 days (Soetaert and Herman 1995b), 
although this may be extended via attachment to 
particles or by (temporary) sedimentation (Owens 
1986). The mean residence time of particles in 
one compartment of the estuary (see Figure 1) is 
comparable with the generation time of many 
cultured ammonia-oxidizing bacteria (Helder and 
de Vries 1983). Thus, competition and selection 
may occur between distinct ammonia oxidizer 
populations as they travel through the Schelde 
estuary. A lternatively, am m onia-oxidizing 
bacteria may possess the ability to adapt to the 
environmental gradients encountered. Clues into 
which of these processes most affect ammonia 
oxidizer populations might therefore be gained 
by examining their community structure along the 
estuarine region where these key environmental 
gradients are observed.
Ecological studies of ammonia-oxidizing 
bacteria have been hampered by the difficulties 
and biases associated with the isolation and 
manipulation of these organisms in pure culture 
(Koops and Harms 1985, Prosser 1989). The 
monophyletic nature of the ß-subgroup ammonia- 
oxidizing bacteria has however facilitated the 
development of nucleic acid-base techniques for 
their detection and characterization (McCaig et 
al. 1994, Mobarry et al. 1996, Wagner et al. 1996, 
Kowalchuk et al. 1997, Rotthauwe et al. 1997, 
Schramm et al. 1998, Stephen, et al. 1998). 
Phylogenetic analysis of16S rDNA sequence data 
defines two genera within this clade, Nitrosospira 
and Nitrosomonas, each of which can be further
subdivided into at least four distinct sequence 
clusters (see Figure 3, M aidak et al. 1999, 
Stephen et al. 1996). Members of the species 
Nitrosococcus oceanus, o f the g-subgroup 
Proteobacteria, also possess the property of 
autotrophic ammonia oxidation. Although these 
bacteria have been described in marine habitats 
(Ward 1982), the limited amount of sequence 
information available to date for this group has 
not yet led to the development of similar nucleic 
acid-based analyses for their detection and 
phylogenetic characterization.
The separation of mixed PCR products, 
generated by specific amplification of16S rRNA 
genes, by denaturing gradient gel electrophoresis 
(DGGE) has become a powerful technique for 
the rapid comparison of m ultiple bacterial 
communities over space and time (Muyzer et al. 
1993, M uyzer and Sm alla 1998). The 
interpretation of DGGE banding patterns has 
been facilitated by hybridization using specific 
oligonucleotide probes for band identification 
(Teske et al. 1996). Alternatively, excision of 
DGGE bands, followed by DNA extraction, re­
amplification, and sequence analysis, has also 
aided in the phylogenetic placement of DGGE 
bands (Ferris et al. 1996). These techniques have 
recently been applied to the analysis of ß- 
subgroup ammonia oxidizer-like 16S rDNA 
sequences recovered by PCR specifically  
targeting the Nitrosomonas /Nitrosospira clade 
(Kowalchuk et al. 1997, Stephen et al. 1998). 
These studies have proposed that specific 
phylogenetic clusters may belong to different 
physiological groups (Chapter 2, Kowalchuk et 
al. 1998, Stephen et al. 1996, 1998, McCaig et 
al. 1999). This study continues the process of 
relating the structure of environm ental ß- 
subgroup Proteobacteria ammonia oxidizer 
communities to ecological parameters.
The specific aim of this study was to relate 
the community structure of ammonia-oxidizing 
bacteria to the dynamic environmental conditions 
encountered along the Schelde estuary. Seven 
study locations were chosen to sample across the 
region of the estuary with the sharpest gradients 
with respect to salinity, ammonia availability, and 
d issolved oxygen content (F igure 1). An
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Numbers indicate sample locations. Lines across the estuarine indicate compartment borders as used 
previously in a modeling study of nitrogen dynamics (Soetaert and Herman, 1995b). The distance 
from the city of Antwerp to the mouth of the estuary is approximately 100 km.
un treated  sew age sam ple, typical of that 
discharged into the estuary, was also included in 
the investigation. Estuarine samples were taken 
on three separate occasions to investigate 
seasonal and year-to-year differences, and key 
environmental factors were monitored for all 
samples. PCR, specifically targeting ß-subgroup 
ammonia oxidizer-like 16S rDNA, and DGGE 
were used to analyze changes in ammonia 
ox id izer com m unity structure. Specific 
hybridization and sequence analyses of DGGE 
bands were also employed to determine the 
phylogenetic cluster composition of the samples 
exam ined. Am m onia oxidizer com m unity 
composition, as judged by PCR-assisted sequence 
retrieval, is discussed with reference to the 
variable environmental conditions along the 
dynamic estuarine system.
Materials and methods
Description of the research area
The Schelde estuary (also known as the 
‘Western’ Scheldt) drains an estimated 21.000
km2 of N orthern France, Belgium  and the 
Netherlands, an area with approximately 10 
million inhabitants and a nitrogen load of 56,000 
ton N Yr-1 (Soetaert and Herman 1995b). The 
estuary proper is defined to extend from Temse, 
the uppermost point of salt-water intrusion, to 
the mouth into the North Sea near Vlissingen (see 
Fig. 1). Sampling stations were selected in the 
upper part of the estuary, where gradients of 
oxygen, ammonia and nitrate are steepest (see 
Figure 2 and Table 1). The pH of all samples 
ranged between 7.5 and 7.9, and no significant 
trends were observed with respect to either 
sampling location or date (results not shown). 
An additional sample was taken from untreated 
wastewater of the city of Brussels, at its point of 
entry into the Rupel, a tributary of the Schelde 
(Brion, personal communication, see Fig. 1).
Sample collection
Surface water samples in the estuary were 
taken aboard the RV LUCTOR at the indicated 
sample sites (Fig. 1) in June 1995, July 1996 and 
October 1996. Sampling was performed within
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Table 1 Salinity and nitrite values along the 
Schelde estuary
JUNE, 95 JULY, 96 OCT, 96
Station SAL NÜ2- SAL NÜ2- SAL NÜ2-
Numbera (%) (mM) (%) (mM) (%) (mM)
1 0.05 35 0.11 12 0.08 18
2 0.07 29 0.17 11 0.10 24
3 0.12 39 0.49 10 0.19 23
4 0.29 34 1.03 4 0.60 26
5 0.41 35 1.27 3 1.03 12
6 0.58 29 1.46 3 1.40 4
7 0.75 24 1.60 3 1.43 3
8 1.44 18
a Station numbering is according to Figure 1.
in the navigational channel by use of a sterile 1 
liter screw-cap bottle. It should be noted that the 
most downstream sample used for the June 1995 
analysis was taken at station 8 (see Fig. 1) instead 
of station 7. Samples were filtered through 0.2 
|im pore size nitrocellulose filters (approximately 
250 ml water per filter, Schleicher and Schuell 
BA83, d=25mm). Filters were wrapped in 
aluminum foil and frozen immediately (-20°C). 
Filters were transferred to -80°C upon arrival at 
the laboratory and stored at this temperature until 
further analysis. Salinity, temperature and oxygen 
concentrations were measured with a CTD 
system, equipped with a polarographic oxygen 
sensor (THISHYDRO H2O). Nutrient analyses 
were performed with a segmented flow auto­
analyzer system  (SKA LA R, B reda, the 
Netherlands).
DNA isolation
DNA iso la tion  used  a m echanical 
disruption protocol (Stephen et al. 1996). Half 
of each nitrocellulose sample filter was added to 
a 2-ml screw-cap tube containing 0.5 ml TE (Tris 
10mM/EDTA 1mM pH 7.6) buffer, 0.5 ml TE 
saturated phenol pH 8.0 (Gibco Laboratories, 
Detroit, MI, USA) and 0.5 g 0.1 mm diameter 
acid-washed zirconium beads (Biospec Products, 
Bartlesville, OK, USA). The tubes were shaken 
at 5K rpm for three times 30 seconds in a Mini- 
Beadbeater (Biospec Products) and kept on ice 
between shaking intervals. After centrifugation 
for 5 minutes at 5K x g, 0.5 ml of the aqueous
layer was removed and extracted twice with 0.5 
ml phenol/chloroform/isoamylalcohol 25:24:1 
(pH 8.0, Gibco). The remaining aqueous layer 
(0.4 ml) was recovered and DNA precipitated 
with 0.1 volume 3M sodium acetate (pH 5.2), 2 
volum es 96% ethanol and 2 ml glycogen 
(Boehringer Mannheim, Germany). Precipitation 
was for 16 hours at -20°C. DNA was pelleted at 
13K x g  for 30 minutes and washed once with 
ice cold 70% ethanol. After drying (2 min Savant 
Speedvac DNA 110), the pellet was resuspended 
in 100 ml TE buffer (pH 8.0). Further purification 
was performed using the Wizard DNA clean up 
kit (Promega, Madison, WI, USA) according to 
the manufacturer’s instructions. DNA was eluted 
from the columns with 100 ml 80°C TE buffer, 
and stored at -80°C.
PCR, DGGE and hybridization analyses
PCR was conducted using the Expand 
High-Fidelity polymerase system mix (Boehringer 
M annheim , G erm any) according  to the 
manufacturer’s specifications using the conditions 
described below. Each 50 ml reaction mixture 
contained 5 ml template DNA, 5 ml 10 x reaction 
buffer, 200 mM of each deoxynucleotide, 5 pM 
each of the CTO189f-GC and CTO654r primers 
(Kowalchuk et al. 1997), 2 ml 10 mg ml-1 
acetylated bovine serum albumin (New England 
Biolabs, Beverley, MA, USA), and 2.5 units 
Expand DNA polymerase. Reactions mixtures 
were overlaid with an equal volume of molecular 
biology grade mineral oil (Sigma, St. Louis, MO) 
and perform ed on a H ybaid  O m nigene 
thermocycler (Teddington, UK) in simulated tube 
mode according to the following thermocycling 
regime: 1 x (60s 94°C), 35 x (30s 92°C, 60s 
57°C, and 45s + 1 s/cycle 68°C), and 1 x (5 min 
68°C). PCR products were examined by 2% 
agarose gel electrophoresis (2% agarose, 0.5 x 
TBE, 1 x TBE = 90 mM Tris-Borate, 2 mM 
EDTA, pH 8.3) with standard ethidium bromide 
staining to confirm product size and estimate 
DNA concentration.
Approximately 200 ng PCR product was 
loaded per sample for DGGE analysis according 
to the protocol described by Muyzer et al. (1993) 
as modified by Kowalchuk et al. (1997). DGGE
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Figure 2 Ammonia (-+ -), nitrate (-1-), and 
oxygen ( - t - )  concentrations at the time of 
sampling
The upper panel shows values for June 1995, the 
middle panel for July 1996, and the lower panel 
for October 1996. Station numbers as indicated 
in Figure 1.
gels used a gradient of 35%-50% denaturant 
(100%  denatu ran t = 7 M urea and 40% 
formamide) and were run at 60°C on a Protean
II electrophoresis system (BioRad Laboratories, 
Hercules, Ca., USA) for 16 hours at 75 volts. 
DNA fragments of known ammonia oxidizer 
sequence cluster affinity (Figure 3, (Stephen et 
al. 1996)) were run alongside environmental 
samples to act as controls for subsequent 
hybridization analysis. DNA was stained using 
ethidium bromide and rinsed twice for 15 minutes 
in 0.5 X TAE buffer (48.22 g Tris Base, 2.05 g 
anhydrous sodium  acetate, 1.86 g 
Na2EDTA.2H2O, pH 8 in 1 liter deionized water)
prior to UV transillumination. Gel images were 
digitally captured using The Imager System 
(Appligene, Illkirch, France). DNA from DGGE 
gels was transferred to Hybond-N+ Nucleic Acid 
Transfer Membranes (Amersham International, 
B ucks, UK), using  a B ioR ad Sem i-Dry 
Transblotter SD according to M uyzer et al. 
(1993). Transferred DNA was subsequently 
denatured (DNA-side down) and simultaneously 
cross-linked to the membrane by soaking in 0.4M 
N aOH , 0.6M  N aCl on W hatm an 3MM 
(Whatman, Kent, UK) filter paper. Membranes 
were similarly neutralized with 1M NaCl, 0.5M 
TRIS/HCl (pH 8,0). Hybridization analyses and 
quantification of hybridization signals were 
conducted according to Stephen et al. (1998), 
using a hierarchical set of oligonucleotide probes 
designed for the identification of the previously 
recognized sequence clusters within the ß- 
subgroup ammonia oxidizer clade (see Figure 3). 
Recent evidence now allows for the specific 
detection  o f sequence subgroups w ith in  
Nitrosomonas cluster 6 as proposed by Stephen 
et al. (1996). This sequence cluster has previously 
been detected in a variety o f environments 
(McCaig et al. 1994, Stephen et al. 1996), and a 
subgroup of this cluster, currently termed cluster 
6a, has recently been postulated (Chapter 2). This 
monophyletic group of 16S rDNA sequences has 
been recovered from soil and freshwater sediment 
environments, and the oligonucleotide probe, 
NmoCL6a_205, has been used in conjunction 
with specific PCR-DGGE for their detection 
(Chapter 2, Stephen et al. 1996, 1998). The 
phylogenetic relationship of strains and sequences 
grouped into Nitrosomonas cluster 6b is as yet 
uncertain, and this group currently represents all 
Nitrosomonas cluster 6 sequences that do not fall 
within the Nitrosomonas cluster 6a clade (see 
Figure 3). The DGGE pattern obtained for the 
Brussels wastewater sample was not subjected 
to hybridization analysis. The relative intensities 
of DGGE bands for this sample were estimated 
by quantification of ethidium bromide staining 
using the ImageMaster Elite software package 
(Version 3.01, Amersham Pharmacia Biotech, 
Uppsala, Sweden).
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DGGE band excision and sequence analysis
Only the central section of selected 
DGGE bands was excised for subsequent DNA 
re-am plifica tion . Each gel fragm ent 
(approximately 2 mm3 acrylamide) was placed in 
a 2.0 ml screw-cap tube, containing 300 |il TE 
buffer and 0.3 g 1 mm diameter zirconium beads. 
Tubes were shaken for 30 s (5 k rpm) in a Mini- 
Beadbeater and incubated for 3 hours at 4°C. 
After gel fragments were collected at the bottom 
of the tube by 15 s centrifugation, 5 ml of the 
supernatant was recovered to act as template 
DNA for subsequent PCR. Each 25 |il PCR 
m ixture contained  1.25 units Taq DNA 
polymerase (Boehringer), 1.5 mM MgCl2, 10 mM 
Tris/HCL (pH 8.3), 50 mM KCl, 0.01% w/v 
gelatin, 200 mM of each deoxynucleotide, and 5 
pM each of the CTO189f-GC and CTO654r 
primers (Kowalchuk et al. 1997). Amplification 
was performed using a thermocycling regime of 
28 x (60 s 95°C, 60 s 57°C, 45 s + 1 s / cycle 
72°C). From each PCR, 5 |il was subjected to 
DGGE as described above to confirm recovery 
of the desired band. Sequencing reactions used 
5ml of each reaction template without further 
purification. Sequencing was performed with the 
Thermosequenase kit (Amersham) according to 
the manufacturer’s recommendations using the 
bacterial-specific 16S rDNA primers, 357f and 
518r (Edwards et al. 1989), labeled with Texas 
Red. Sequencing reactions were run and analyzed 
on a Vistra DNA sequencer 725 (Amersham). 
Sequence data was edited and assembled in the 
Sequencer 3.0 software package (Gene Codes 
Corporation, Ann Arbor, MI, USA), and format 
conversions were carried out in Seqapp 1.9a169 
(Gilbert 1993).
Phylogenetic analysis of recovered 16S 
rDNA sequences was performed as described 
previously (Chapter 2). Sequence alignments 
included sequences from the Ribosomal Database 
Project (RDP, Maidak et al. 1999) and spanned 
430 nucleotide positions. O ptim ization of 
alignments was performed in the Dedicated 
Comparative Sequence Editor program (van de 
Peer et al. 1997, De Rijk and De Wachter 1993) 
using recognized 16S rRNA secondary structures 
(Van de Peer et al. 1997). Phylogenetic trees were
constructed with the Treecon program (Van de 
Peer and De Wachter 1994) using neighbor- 
joining analysis and matrix calculation according 
to the method of Jukes and Cantor (1969). Gaps 
were not taken into account, and bootstrap 
analysis was based upon 100 replicates. Novel 
partial 16S rDNA sequences determined in this 
study have been deposited into the EMBL 
sequence databank under accession numbers 
AJ132047-AJ132062.
Results
Characterization of environmental conditions 
along the estuary
Upper reaches of the estuary typically 
contained low dissolved oxygen levels, low 
salinity, and a high ammonia to nitrate ratio (see 
Figure 2 and Table 1). The situation is reversed 
in lower, more saline parts of the estuary. These 
resu lts  are in accordance w ith  earlier 
measurements in the Schelde (Soetaert and 
Herman 1995a, b), although the location and 
extent of the observed environmental gradients 
showed some variation with previous results. The 
brackish zone (near the city of Antwerp) contains 
sharp gradients in all these parameters (Figure 2 
and Table 1). It is in this portion of the estuary 
where maximum nitrification has been observed 
(Somville 1984, De Wilde and De Bie 1999). The 
locations of the steepest gradients for nutrients 
and oxygen concentration were between stations 
4-8, 3-5, and 3-6 for the June 1995, July 1996, 
and October 1996 sampling dates, respectively.
Recovery of 16S rDNA and DGGE analysis
All DNA extractions from  filtered  
samples were performed at the same time. Thus, 
DNA extractions were performed using samples 
that had been stored at -80°C for different periods 
of time. Although it was observed that older filters 
yielded slightly less DNA than fresher ones, it is 
not known whether the 1995 samples contained 
less DNA, or if  prolonged storage affected the 
efficiency of DNA recovery (results not shown). 
Specific PCR amplification of 16S rDNA using 
the CTO189f-GC and CTO654r primers yielded 
positive results in all cases.
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Figure 3 Neighbor joining tree of selected ß-subgroup Proteobacteria 16S rDNA sequences 
The tree highlights the ammonia oxidizer-like sequences found and is constructed using partial 16S 
rDNA sequences as described in the text. Sequences with number designations correspond to the 
DGGE bands indicated in Figure 4. Band and sequence designations were as follows: 
‘month.year.band#’. For example, 07-96.4 would indicate the fourth DGGE band from the July, 
1996 samples. “Br” designations correspond to excised bands from the Brussels wastewater DDGE 
pattern shown in Figure 4c.
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Figure 4 PCR-DGGE analysis of ammonia oxidizer-like 16S rDNA fragments along the Schelde 
estuary
DGGE analyses are for June 1995 (A), July 1996 (B) and October 1996 (C), and the numbers above 
the lanes, 1-8, correspond to the station numbers indicated in Figure 1. Cloned sequence cluster 
controls, labeled “Cl”, are numbered according the sequence cluster designations of Stephen et al.
1996, as described in Kowalchuk et al. 1997. Bands labeled with a prime (’) contain a one base pair 
difference with their namesake sequences, which was introduced due to an ambiguous position in 
the CTO654r primer (Kowalchuk et al. 1997). Sequences from such bands were not included in the 
phylogenetic analysis. Lanes labeled “Con. Mix.” were from control PCRs, where the template 
consisted of a mixture of chromosomal DNA from three pure culture strains, Nitrosomonas eutropha, 
Nitrosomonas europaea and Nitrosospira briensis. The lane marked “Br.” in panel C contains DNA 
recovered from the Brussels wastewater sample. Arrows indicate the position of the bands that were 
excised for sequence determination. The phylogenetic placement of DGGE band sequences and a 
description of band labeling are found in Figure 3.
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DGGE analysis of recovered PCR products 
revealed 3-10 bands per sample (Figure 4). For 
upstream sample sites, the most dominant bands 
occurred relatively high in the gel, showing 
m igration behavior typical o f controls for 
Nitrosomonas clusters 6a and 6b. At more 
seaward sites, bands lower in the gel, comparable 
in migration to Nitrosomonas cluster 5 and 
several Nitrosospira sequence cluster controls, 
became most dominant. Although all sampling 
dates showed this same trend, the exact position 
and extent of this shift varied in a similar fashion 
as the nutrient profiles as described above. The 
Brussels wastewater sample produced a very 
strong band high in the gel, suggestive of 
Nitrosomonas cluster 6a or 6b, as well as three 
additional bands lower in the gel, co-migrating 
with several Nitrosospira controls (Figure 4c).
Hybridization and sequence analysis o f DGGE 
banding patterns
Previous DGGE studies have shown that 
migration behavior alone is not a good predictor 
of phylogenetic affinity with respect to ammonia 
oxidizer 16S rDNA fragments (Kowalchuk et al.
1997, 1998). We therefore characterized DGGE 
bands by hybridizing DGGE banding patterns 
w ith a ba ttery  o f 16S rD N A -targeted  
oligonucleotide probes, specific at different 
taxonom ic levels w ith in  the ß-subgroup 
ammonia-oxidizing bacteria (Stephen et al. 1998). 
However, an all ß-subgroup ammonia oxidizer- 
specific probe, ß-AO233 (Stephen et al. 1998), 
failed to hybridize with some DGGE bands, 
suggesting that these might not contain sequences 
falling within the Nitrosospira/ Nitrosomonas 
radiation. Excision, re-amplification, sequence 
determination, and phylogenetic analysis of such 
bands (06-95.7-9’, 07-96.5-7, and 10-96.6, Figs. 
3 & 4) placed their sequences outside the 
Nitrosospira/ Nitrosomonas clade. These bands 
were excluded from further analyses. The 
recovery o f some non-am m onia oxid izer 
sequences with these primers has been noted 
previously (Kowalchuk et al. 1998), and their 
presence did not interfere with the further analysis 
of sequences within the ß-subgroup ammonia 
oxidizer radiation.
The diversity within 16S rDNA sequences 
belonging to the genus Nitrosomonas is greater 
than that found for the Nitrosospira genus 
(Pommerening-Röser et al. 1996). Given the 
current available sequence information, it is not 
yet possible to assess the specificity and accuracy 
o f probes designed  for the detec tion  of 
phy logenetic  lineages w ith in  the genus 
Nitrosomonas (Stephen et al. 1998, Utâker and 
Nes 1998). We therefore excised the bands from 
environmental DGGE patterns for sequence 
analysis to confirm hybridization results (see 
below) and allow for the phylogenetic placement 
of recovered Nitrosomonas-like sequences. 
Quantification o f hybridization signals and 
sequence analysis of excised bands revealed a 
community shift among the ß-subgroup ammonia 
oxidizer-like sequences detected along the 
estuarine transect (Figure 5). Upstream regions 
of the estuary contained a dominance of 16S 
rDNA sequences classified as Nitrosomonas 
cluster 6a (Figure 5). In contrast, a novel 
Nitrosomonas-like sequence group was 
dominantly detected in lower reaches of the 
estuary. This shift was observed for all three 
sampling dates, although not always to the same 
degree or at the exact same position along the 
estuary. Moving seaward, the point in the estuary 
where the novel Nitrosomonas-like sequences 
first become most abundantly detected was 
between stations 6 and 8 for the June, 1995 
sample, station 4 for the July, 1996 sample, and 
station 5 for the October, 1996 sample. The 
position of the sharpest ammonia oxidizer 
community shift for all three sampling dates 
corresponded to the point in the estuary where 
salinity values were approximately 1 %, air 
saturation levels were around 40 %, and ammonia 
concentration dropped below 15 |iM (Figure 2, 
Table 1).
The Nitrosomonas-like sequences, which 
were most closely related to the culture strain 
Nitrosomonas marina Nm22 (06-95.2, 07-96.2, 
and 10-96.2), were also detected along the entire 
estuary transect sampled. Hybridization signals 
for these bands represented 0% -10% of the total 
ß-subgroup ammonia oxidizer-specific signal, and 
no trends with respect to location or sampling
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Figure 5 Distribution ofdetected ß-subgroup ammonia oxidizer-like sequences across the Schelde 
estuary
The DGGE gels shown in Figure 4 were hybridized with a hierarchical set of oligonucleotide probes 
for identification and quantification of DGGE bands (Stephen et al. 1998). Numbers, 1-8, indicate 
sampling station, and the letters A, B, and C correspond to the sampling dates June 1995, July 1996, 
and October 1996, respectively. The relative amount of each specific sequence cluster, as detected 
by specific hybridization, is given with respect to the hybridization signal produced by the all ß- 
subgroup ammonia oxidizer probe, ß-AO233 (Stephen et al. 1998). The cumulative signal from 
sequence cluster-specific probes could explain 95-103% of the all ß-subgroup ammonia oxidizer 
hybridization signal. Results were standardized to 100% for graphical presentation. Values for the 
Brussels wastewater sample were determined by the quantification of ethidium bromide fluorescence.
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date were apparent. No clear Nitrosospira-like 
DGGE bands were apparent in the estuarine 
samples, due to the weak nature of the signal 
and the overlap with other, more dominant 
DGGE bands. Niirosospira-specific hybridization 
signals were however detected and characterized 
as Nitrosospira c lu ster 3. These signals 
constituted less than 2% of the total recovered 
PCR product in all estuarine samples. Sequence 
results from excised bands agreed with the 
phy logenetic  p red ic tions based  upon 
hybridization analysis in all cases examined.
DGGE bands from the Brussels sample 
were also sequenced. The sequence o f the 
upperm ost band (Br. 1) p laced it w ith in  
Nitrosomonas c luster 6a (F igure 3). The 
remaining three bands (Br.2, Br.3, and Br.3’) 
produced Nitrosospira-like sequences. The Br.2 
sequence contained the probe site characteristic 
of members of Nitrosospira cluster 4 (Stephen 
et al. 1998). However the existence of several
ambiguities in the nucleotide sequence did not 
allow for accurate phylogenetic analysis to the 
sequence cluster level. The lowermost bands 
(Br.3 and Br.3’) also contained several ambiguous 
nucleotide positions, which corresponded to 
highly variable regions of the 16S rRNA gene, 
and sequence cluster level characterization was 
again not possible. These bands may have 
consisted of multiple Nitrosospira-like sequences.
Discussion
A community shift was observed among 
the ß-subgroup ammonia-oxidizing bacteria 
along the estuary w ithin the region where 
gradients with respect to salinity, dissolved O2, 
and ammonia were sharpest, and where ammonia 
oxidation was highest (De Wilde and De Bie 
1999). The physiological significance of detecting 
different phylogenetic groupings of ammonia 
oxidizer 16S rDNA sequences is not yet known.
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However, that different ammonia oxidizer groups 
are detected under the different environmental 
conditions along the estuary implies that these 
changing conditions may affect ammonia oxidizer 
growth, activity and survival in the estuary. 
Bacteria showing affinity with Nitrosomonas 
cluster 6a appear to be m ost dom inant ß- 
subgroup ammonia oxidizers in the upper reaches 
of the estuary, where freshwater, low oxygen and 
high ammonia conditions prevail. Sequences 
showing affinity with Nitrosomonas cluster 6a 
have previously been detected in soil, freshwater, 
and freshwater sediment (Chapter 2, Stephen et 
al. 1996, 1998). These authors suggested that 
the distribution of this specific Nitrosomonas 
cluster 6a may be restricted to non-marine 
environments, and the decrease in Nitrosomonas 
cluster 6a detection in the lower estuary samples 
would support this hypothesis. Speksnijder et al. 
also detected this group of sequences in nearly 
anoxic sediment layers, suggesting a level of 
tolerance to low oxygen conditions. Although it 
has been demonstrated that ammonia-oxidizing 
bacteria can adapt to low-oxygen environments, 
this ability may not be equally present in all 
phylogenetic groups (Smorczewski and Schmidt 
1991, Bodelier et al. 1996). Given the methods 
used, the activity of the detected bacteria cannot 
be assessed, and some may be present in inactive 
forms, potentially more resistant to adverse 
environmental conditions. The dominance of 
Nitrosomonas cluster 6a in upstream estuary 
samples may also be affected by input of 
ammonia-oxidizing bacteria into the estuary from 
untreated wastewater. Such wastewater samples, 
which were also dominated by Nitrosomonas 
cluster 6a, have previously been shown to contain 
high ammonia oxidizer biomass (Brion and Billen 
1997). Previous studies have also detected high 
num bers o f Nitrosomonas-like bacteria in 
activated sludge (Mobarry et al. 1996, Wagner 
et al. 1996). It may be that such organisms survive 
well after being released into the upper estuary. 
Their decline lower in the estuary might be 
explained by either a lack of tolerance to changing 
environmental conditions or a decreased ability 
to compete with other organisms for substrate.
Nitrosomonas cluster 6a is displaced by
a novel Nitrosomonas-like group further down 
the estuary system. This shift coincides with sharp 
increases in salinity and O2 concentration, as well 
as a sharp decrease in ammonia concentration in 
the estuary. The exact curve of the nutrient and 
salinity values is the result of several biological 
and physical processes (Soetaert and Herman 
1995b). While nitrogen salts in the upper estuary 
are mainly controlled by microbiological activity, 
the location of maximum activity, both with 
regard to station number and salinity, is influenced 
by the tidal regime, freshwater discharge, and 
wind. There are no known pure cultures with 16S 
rDNA sequences that closely resemble the novel 
group o f Nitrosomonas-like sequences 
dom inantly detected at the more seaward 
estuarine sample sites. It is therefore not yet 
possib le  to ju d g e  the physio log ical and 
environmental significance of this group. It is 
feasible that strains from this group are well 
adapted to the environmental conditions present 
in the lower regions of the estuary. Pure or 
enrichm ent culture studies with this novel 
Nitrosomonas-like lineage would be necessary to 
test this hypothesis. Alternatively, the increase in 
the relative proportion of these Nitrosomonas- 
like sequences lower in the estuary may be due 
to ammonia oxidizer inoculation via land run­
off. Although one cannot exclude this possibility, 
the estuary is surrounded by agricultural soil 
systems similar to those previously reported to 
contain  am m onia ox id izer com m unities 
dominated by Nitrosospira-like bacteria (Stephen 
et al. 1996, 1998, Hastings et al. 1998).
Minority populations of Nitrosospira 
cluster 3 and a Nitrosomonas m arina-like 
sequence were also identified across the estuarine 
system. The former group has previously been 
detected  in te rres tria l and freshw ater 
environments (Hiorns et al. 1995, Stephen et al.
1996, 1998, Hastings et al. 1998), but only 
represents a small fraction of the total recovered 
ß-subgroup ammonia oxidizer sequences in this 
estuary environment. As the name suggests, 
Nitrosomonas marina Nm22, and closely related 
strains, have previously been detected in marine 
environm ents (M cCaig et al. 1994, 1999, 
Pommerening-Röser et al. 1996). The detection
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of the 06-95.2, 07-96.2, and 10-96.2 sequences 
in the freshwater reaches of the estuary suggests 
that the range of this Nitrosomonas lineage may 
not be limited to saline environments.
That ammonia oxidizer-like sequences 
could be detected by direct PCR from all estuarine 
samples examined. This is in contrast to studies 
of some other environmental DNA samples, 
where ammonia oxidizer-specific PCR signals 
were only detected after the implementation of 
two-step, nested PCR strategies (Hiorns et al. 
1995, Hovanec and DeLong 1996, Hastings et 
al. 1998, Kowalchuk et al. 1998). The ease with 
which ammonia oxidizer 16S rDNA sequences 
were recovered from this eutrophic estuary may 
be a reflection of their enrichment due to the high 
ammonia load of the system. Methodological 
differences between various studies may however 
also play a role in the efficiency of the PCR- 
mediated recovery of ammonia oxidizer-like 16S 
rDNA.
Despite the importance of nitrification in 
estuarine habitats (Soetaert and Herman 1995b, 
Owens 1986), few studies to date have addressed 
amm onia oxidizer community structure in 
estuaries (Murray et al. 1996). A previous study, 
based on the cloning of ammonia oxidizer-like 
16S rDNA sequences after semi-specific PCR, 
also detected Nitrosomonas-like sequences at 
sampling station 4 within the Schelde estuary 
(Chapter 2). Among the limited number of 
ammonia oxidizer-like clones examined, only 
sequences showing affinity with the genus 
Nitrosomonas w ere recovered , including  
sequences from the Nitrosomonas cluster 6a and 
Nitrosomonas marina lineages detected in the 
present study. Nitrifying bacteria have also been 
studied in the Elbe estuary, where Nitrosomonas- 
related species were found in enrichment cultures 
of estuarine water (Stehr et al. 1995) and by 
fluorescent in situ hybridization (Wagner et al.
1996).
As is the case with most molecular studies 
of ammonia oxidizers, the present study has 
focussed upon bacteria o f the ß-subgroup 
Proteobacteria. However, ammonia-oxidizing 
bacteria of the genus Nitrosococcus, within the 
g-subgroup Proteobacteria, may also be present
in the estuarine system examined. This possibility 
is especially relevant to the lower, more saline, 
reaches o f the estuary, given the currently 
recognized distribution of this genus (Ward and 
Carlucci 1985). The development of similar 
methods to those used here for the direct 
detection of g-subgroup ammonia-oxidizing 
bacteria may prove essential to improving our 
understanding of their role in the environment. It 
should also be stressed that the present study 
targeted 16S rDNA, and therefore should not 
discriminate between active and dormant cells. 
Studies designed to detect active cells, for 
instance by targeting 16S rRNA by reverse 
transcriptase PCR (Felske et al. 1996) might be 
helpful in this respect.
The efficiency of DNA extraction may 
affect the accuracy of community fingerprinting 
techniques such as PCR-DGGE. Ammonia- 
oxidizing bacteria tend to form tight clusters or 
attach to particulate matter, which can prevent 
their lysis during DNA isolation procedures 
(Schramm et al. 1998). For this reason, we used 
a highly rigorous method for DNA isolation, the 
addition to w hich o f freeze-thaw  steps or 
additional bead-beating did not lead to the 
liberation of more DNA or additional DGGE 
bands (results not shown).
Several environmental parameters vary 
across the estuarine transect studied. Given the 
bacterial residence time in the estuary, both 
adaptation and selection are possible within the 
ammonia oxidizer communities present. Although 
some ammonia-oxidizing bacteria are known to 
be able to adapt to low oxygen environments 
(Chapter 2, Bodelier et al. 1996, Kowalchuk et 
al. 1998), exposure to low oxygen conditions can 
also affect ammonia oxidizer diversity and 
community structure (Smorczewski and Schmidt 
1991). Similarly, adaptation to increasing salt 
concentrations is possible for some ammonia 
oxidizers (Helder and De Vries 1983, Somville 
1984). However, certain strains appear to be 
particularly well suited to high salt conditions 
(Pommerening-Röser et al. 1996), and different 
ammonia oxidizer populations have been detected 
in the comparison of freshwater and saltwater 
aquaria (Hovanec and DeLong 1996). Ammonia-
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oxidizing bacterial also undergo physiological 
adaptations in response to low  am m onia 
availability (Laanbroek and Woldendorp 1994). 
Despite these adaptive capabilities, limited 
ammonia availability may also select for specific 
ammonia oxidizer lineages in soils of semi-natural 
grasslands reclaimed from former agricultural 
sites (Kowalchuk et al. 1999a). In addition to 
the environmental gradients discussed above, 
other less readily apparent environmental factors 
may also influence the distribution of ammonia 
oxidizer populations in this estuarine system. The 
current study suggests that the environmental 
g rad ien ts encountered  in the estuarine 
environment affect ammonia oxidizer community 
structure, but it is not yet possible to determine 
the influence of individual environmental factors.
However, knowledge of the distribution and 
diversity o f ß-subgroup ammonia oxidizer 
populations along the Schelde estuary provides 
both the basis for experimental hypotheses 
regarding the ecological significance o f the 
different ammonia oxidizer lineages encountered, 
as well as insight into strategies for their 
enrichment and isolation.
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Chapter 6
In order to study the ecological significance of sequences recently recovered from freshwater 
sediments and assumed to belong to ammonia-oxidizing bacteria, population changes have 
been recorded in experiments using this sediment in diffusion chambers and five introduced 
strains of cultured ammonia-oxidizing bacteria. The abundance of indigenous ammonia-oxi­
dizing bacteria in the top layer sediment of the lake was estimated by competitive PCR using 
known numbers of introduced Nitrosospira briensis cells. To study the ecological niches of the 
indigenous ammonia-oxidizing bacteria, sediment from the lake was inoculated with equal 
cell numbers of five cultured strains of ammonia oxidizers. The inoculated sediment was sub­
jected to three different ammonia concentrations, elevated salt conditions and a high carbon 
input in a laboratory diffusion chamber experiment. The ammonia-oxidizing community was 
monitored using specific PCR followed by DGGE and sequence analysis. The introduced 
cultured strains have hardly been recovered during the treatments, however the treatments 
resulted in enrichment of six different indigenous Nitrosomonas sequence types among the 
ammonia-oxidizing bacteria of the ß-subgroup of the Proteobacteria. Five types are included 
in a sequence cluster previously detected from a variety of freshwater habitats. Elevated salt 
and 10mM ammonia treatments revealed the enrichment of a sixth Nitrosomonas sequence 
type that was previously found in a eutrophic estuary. Results suggest that multiple sequence 
types of closely related ammonia-oxidizing bacteria may be present in particular habitats and 
environmental conditions may serve to select those best adapted to the prevalent conditions.
Introduction
Ammonia-oxidizing bacteria play a key 
role in the cycling of nitrogen in natural environ­
ments (Belser 1979, Hall 1986, Van Breemen 
1988). Ecologically, these bacteria represent a 
functional group that finds its niche in gaining 
energy from the oxidation of ammonia and the 
fixation of carbon from CO2. They are thought 
to be key organisms in the nitrification process. 
All known species of ammonia-oxidizing bacte­
ria belong to the ß- and the g-subgroup of the 
Proteobacteria (Bergey’s Manual by Watson et 
al. 1989 and The Prokaryotes by Koops and 
Möller 1992). Two species, i.e. Nitrosococcus 
oceanus and Nitrosococcus halophila are the only
known ammonia-oxidizing members of the g-sub- 
group of the Proteobacteria. 16S rRNA gene 
analysis, focussed on ammonia-oxidizing bacte­
ria  tha t belong to the ß-subgroup o f the 
Proteobacteria (ß-subgroup ammonia oxidizers), 
resulted in a new taxonomic view (Head et al. 
1993). The ß-subgroup of ammonia oxidizers can 
be classified in two clades, Nitrosomonas and 
Nitrosospira. Form er genus designations 
Nitrosolobus and Nitrosovibrio are both typed 
as Nitrosospira and Nitrosococcus mobilis spe­
cies is included in the Nitrosomonas clade (Teske 
et al. 1994). 16S rDNA gene analysis revealed a 
large diversity of ammonia oxidizer-like se­
quences in different places such as marine envi­
ronments (McCaig et al. 1994, Voytec and Ward
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1995), terrestrial habitats (Utâker et al. 1995, 
Stephen et al. 1996, Kowalchuk et al. 1997), es­
tuaries (Chapter 5, Stehr et al. 1995), freshwater 
sediments (Chapter 2, Hiorns et al. 1995, Hast­
ings et al. 1998) and wastewater treatment sys­
tems (Wagner et al. 1995, Mobarry et al. 1996). 
Retrieval of sequences from natural environments 
indicated clustering within the genera. Stephen 
et al. (1996) subdivided the Nitrosospira clade 
in four sequence clusters and the Nitrosomonas 
clade in three clusters. Although closely related 
to known cultivated species, the new sequences 
that were found are thought to originate from 
yet unknown species. Ammonia-oxidizing bac­
teria are difficult to isolate and maintain in pure 
culture (Allison and Prosser 1992). In order to 
study the ecology of ammonia-oxidizing bacte­
ria in their natural environment, molecular bio­
logical approaches have proven to be necessary. 
Attempts have been made to enrich environmen­
tal key organisms, but it has not been reported 
that the important ammonia oxidizers present in 
the environment, as indicated by DNA analysis, 
have been isolated in pure culture.
The 16S rDNA gene approach was ap­
plied to analyze ammonia-oxidizing bacteria in 
freshwater environments (Chapter 2) and re­
vealed a tight clustering of retrieved sequences 
within the Nitrosomonas 6 cluster, closely related 
to Nitrosomonas urea. amoA gene analysis of 
freshwater samples confirms these findings 
(Chapter 4). This is a strong indication of a new 
operational taxonom ical u n it w ith in  the 
Nitrosomonas clade. Other studies also recog­
nized these sequence types (Chapter 5, Stephen 
et al. 1998) and this cluster of sequences has been 
designated as Nitrosomonas cluster 6a (Stephen 
et al. 1998). It is still uncertain if these sequences 
belong to ecologically different species or strains.
In o rder to study the d iversity  of 
Nitrosomonas cluster 6a type sequences and pre­
dict important environmental parameters relevant 
for growth of these presumed ammonia oxidizers, 
sediment from lake Gooimeer was subjected to 
different conditions in a diffusion chamber ex­
periment. The use of diffusion chambers (or mi­
crocosms) allows for the sediment layer to re­
main undisturbed during incubation time (Sinke
et al. 1992). Diffusion chambers mimic natural 
conditions and utilize naturally structured bacte­
rial communities, taken into account the impor­
tance of particles for nitrifying bacteria (Gerards 
et al. 1998).
Sediments of lake Gooimeer were used 
for the experiment as it contains cluster 6a type 
sequences as the dominant sequence type among 
ß-subgroup ammonia-oxidizing bacteria in fresh­
water environments (Chapter 2). The number of 
ammonia-oxidizing bacteria in the sediment was 
estim ated by adding a know n num ber of 
Nitrosospira briensis cells to the sediment fol­
lowed by DNA isolation and competitive PCR. 
Subsequently the lake sediment was mixed with 
five laboratory strains in equal numbers to en­
able a possible competition among ammonia- 
oxidizers. Three different ammonia concentra­
tions, high salt and a high carbon content were 
chosen as environmental parameters to be ap­
plied to the chambers. A ß-subgroup ammonia 
oxidizer specific 16S rDNA directed PCR and 
DGGE approach (Kowalchuk et al. 1997) was 
used to analyze the community structures of 
ammonia oxidizers in the chambers. A 16S rDNA 
eubacterial directed approach was used (Muyzer 
et al. 1993, Zwart et al. 1998) to monitor the 
global changes of the dominant bacterial com­
munity.
Materials and methods
Sampling of the sediment
On 17 September 1998, sediment of lake 
Gooimeer (55°15’, 6°4’) was collected at 50 cm 
waterdepth by using a core sampler of 5 cm di­
ameter. Benthic algae were present in the 
toplayers. The sediment contained coarse sand 
and the dark, anoxic layer started at 10 cm sedi­
ment depth. The upper 0.5 cm layer was sliced 
off and separated in portions of 0.5 grams in 2 
ml tubes. The pH was determined by mixing sedi­
ment in distilled water.
Determination of natural numbers
Nitrosospira briensisC-57 (ATCC 2232) 
was grown in mineral medium containing: 
MgSO4 7H2O 40mg/l; CaCl2 0.02mg/l; NaCl 500
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mg/l; KH2PO4 100 mg/l and 1ml/l trace solution 
as described by Verhagen and Laanbroek (1991). 
The initial ammonia concentration was 10mM 
and the medium was buffered with 10mM HEPES 
at pH 7.6. Cells were grown at 28°C in the dark 
to a density of 8 109 cells/ml as determined by 
microscopically counting. A dilution series of the 
culture was made in TE (Tris 10mM, EDTA 
1mM, pH 7.6) of 4 1 08, 8 1 07, 8 1 06, 1.6106, 
8 105, 4 105 cells/ml. For the estimation of am­
monia oxidizer numbers in the sediment, 0.5 ml 
from each dilution was added to 0.5 grams of 
sediment prior to DNA isolation. PCR and DGGE 
of these mixes should result in the estimation of 
numbers of ß-subgroup ammonia-oxidizers 
present in the sediment.
Diffusion chamber treatments
Pure cultures of ammonia-oxidizing bac­
teria were grown and counted as described above 
for Nitrosospira briensis. The strains involved 
were Nitrosomonas europaea (ATCC 25978), 
Nitrosomonas eutropha, Nitrosomonas urea 
Nm10 and Nitrosospira briensis (ATCC 2232). 
Nitrosomonas marina Nm22 was grown in the 
same medium but with an additional 400mM 
NaCl. The cultures were mixed in equal cell num­
bers of each species in a sterile 5 liter Erlenmeyer 
flask. From this mixture two liters were com­
bined with 200 grams of Lake Gooimeer sedi­
ment and allowed to settle for one hour.
Portions of 10 gram of the inoculated 
sediment particles and 50 ml of the residual 
supernatant was divided over 16 diffusion cham­
bers, resulting in a 1cm sediment layer and a 8 
cm aqueous layer above. The chambers were in­
cubated with a basic medium of MgSO4 7H2O 
40mg/l, CaCl2 0.02mg/l, NaCl 500 mg/l, KH2PO4 
100 mg/l and 1ml/l trace solution according to 
Verhagen and Laanbroek (1991). The medium 
was buffered with 1mM HEPES at pH 7.5. The 
sediment and medium was separated by one 
50mm diameter 0.8m cut-off filter (Gelman Sci­
ences, Ann Arbor, MI, USA) and one 50mm di­
ameter 0.02mm cut-off filter (Schleiger and 
Schuell, Dassel, Germany). In series of three 
chambers, each serie was exposed to one of the 
following treatments: Basic medium plus 1mM
ammonium (series 1), basic medium plus 10mM 
ammonium (series 2), basic medium plus 1mM 
ammonium plus a daily input of 50 ml of a 35% 
TSB solution (series 3), basic medium plus 
0.1mM ammonium (series 4) and basic medium 
plus 1mM ammonium plus 400mM NaCl (series 
5). One control chamber was only incubated with 
the basic medium. The average flow of the me­
dium was 50 ml a day for each chamber and treat­
ments were done at 25 °C in the dark. After each 
month, one chamber from each series of three 
(coded as X.1 X.2 and X.3, with X as number of 
the chamber series) was harvested for DNA iso­
lation and subsequent PCR and DGGE analysis. 
At that moment the aqueous layer of all cham­
bers was analyzed for NH4+ and NO2- plus NO3- 
on a Technicon Traacs 800 automated analyzer 
(Technicon Instr. Corp., Tarrytown, NY, USA)). 
The longest incubation period of the chambers 
was three months.
DNA isolation procedure
DNA isolation was performed as de­
scribed previously (Kowalchuk et al. 1997) with 
modifications (Chapter 5), which involve four 
times 30 seconds of bead beating at 5000 RPM 
(Biospec Products, Bartlesville, OK, USA), phe­
nol/chloroform (Gibco Laboratories, Detroit, MI, 
USA) extraction, ethanol precipitation and puri­
fication with the Wizard clean up kit (Promega 
Madison, WI, USA). To the dilution series no 
extra buffer was added in the bead beating pro­
cedure, only 0.5 ml buffer saturated phenol 
(Gibco) and 0.5 grams of 0.1mm Zirconium beads 
(Biospec Products). From the chamber treat­
ments, sediments in portions of 0.5 grams were 
subjected to beat beating after addition of 0.5 ml 
TE, 0.5 gram beads and 0.5 ml phenol followed 
by DNA isolation as described above.
PCR amplification
From each batch of isolated DNA, 5 ml 
was used as template in a 50 ml PCR reaction 
with primers CTOf and CTOr specific for ß-sub­
group ammonia-oxidizing bacteria (Kowalchuk 
et al. 1997) according to the conditions described 
by De Bie et al. (Chapter 5). This will result in a 
480bp PCR product. Also 5 ml of the DNA was
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used in a 50 ml PCR reaction with eubacterial 
directed primers 357f and 518r (Muyzer et al. 
1993, Zwart et al. 1998) according to the condi­
tions described by Speksnijder et al. (Chapter 2). 
This will result in a 180bp product.
DGGE gel electrophoreses of the eubacterial 
specific 180bp and the ammonia-oxidizer spe­
cific 480bp products
DGGE analysis of the 180bp and 480bp 
PCR products was performed as described pre­
viously (Muyzer et al. 1993, Kowalchuk et al. 
1997) with some modifications. For the 180bp 
products a 30/60% denaturant gradient 8% 
acrylamide 0.5 TAE (40mM Tris, 40mM acetic 
acid, 1mM EDTA, pH 7.6) gel was applied and 
electrophoreses was executed with the Biorad 
ProteanII system for 16 hours at 75 Volts ac­
cord ing  to the conditions described  by 
Speksnijder et al. (Chapter 2). The 480bp prod­
uct was analyzed on a 35/50% denaturant gradi­
ent gel for 17,5 hours at 75 Volts according to 
the conditions described by DeBie et al. (Chap­
ter 5).
Sequencing of DGGE bands
The sequencing of DGGE bands was per­
formed as described previously (Chapter 5) by 
cutting the center of the band and incubating 
overnight in 50ml TE. PCR is performed on 5ml 
of the TE solution with the CTOf and CTOr 
primerset. The amplified bands were reanalyzed 
on DGGE. PCR products with unique DGGE 
patterns were sequenced. Sequencing of the PCR 
product with internal Texas red labeled primers 
357f and 518r (Isogen Bioscience, Maarssen, The 
Netherlands) and the Thermosequenase kit 
(Amersham, Little Chalfont, UK) was executed 
according to the manufacturers protocol. Se­
quence reactions were analyzed on a Vistra 
sequencer (Amersham) according to the manu­
factures instructions. Partial sequences were ob­
tained by using the 518r primer to identify DGGE 
bands that originate from the pure cultures and 
to verify similar sequences within DGGE pat­
terns. Relevant bands were sequenced also with 
the 357f primer to get 449 bp of information.
Phylogenetic analysis
Sequences were manipulated with the 
Sequencer 3.0 software package (Gene Codes 
Corporation, Ann Arbor, MI, USA). Sequence 
format conversions were performed with the 
GCAT sequence converter program (Van Hannen 
1999). Alignment was performed with DCSE 
software (De Rijk and De Wachter 1993). Dis­
tance analysis of 430 nucleotide positions of the 
alignm ent w as perform ed w ith Treecon 
version1.3b software (Van de Peer and De 
Wachter 1994) using Jukes and Cantor (1969) 
correction, gaps were not taken into account and 
bootstrap analysis was based upon 100 replicates. 
Reference sequences used in the phylogenetic tree 
construction and their accession numbers are: 
Nitrosomonas halophila (Z46987); 
Nitrosomonas eutropha (M 96402); 
Nitrosomonas europaea (M 96399); 
Nitrosomonas urea N m 10 (Z46993); 
Nitrosomonas sp. Nm 22 (Z46990); 
Nitrosomonas marina (M96400); Nitrosospira 
sp. 40KI (X 84656); Nitrosospira briensis 
(M 96396); Nitrosospira sp. B 6 (X84657); 
Nitrosolobus multiformis; Clone pH4.2A/G2 
(Z69164); Clone EnvA1-21 (Z61097); Clone 
EnvA2-13 (Z69097); Clone EnvB1-17 (Z69104); 
C lone EnvC2-23 (Z 69125); C lone G m 8 
(AJ003749); Clone Vm10 (AJ003760); Clone 
Ws23 (AJ003775); Clone Ws26 (AJ003777); 
B and 7-96.1 (A J132059); B and 7-96.2 
(AJ132058); Band 7-96.3 (AJ132057); Band Br1 
(a J1 3 2 0 6 0 ); B and Br2 (A J132061); 
Commamonas testosteroni (AB007996); Alca- 
ligenes feacalis (M22508); Kingella kingae 
(M22517); Leptothrix discophora (Z18533); 
Nitrosococcus oceanus (M96398); Escherichia 
coli (Z83204).
Results
Estimation of cell numbers o f ß-subgroup am­
monia-oxidizing bacteria in the sediment
A dilution series of Nitrosospira briensis 
cells was added to the freshwater sediment sam­
ple. DNA isolation and PCR amplification with 
the primers specific for ß-subgroup ammonia 
oxidizers resulted in the DGGE gel shown in Fig-
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Figure 1a Dilution series ofNitrosospira briensis 
culture in lake Gooimeer sediment, analysed with 
ß-subgroup ammonia-oxidizing bacterial spe­
cific PCR and DGGE
Numbers above the lanes indicate numbers of 
N.briensis cells inoculated per gram sediment. 
M1 is a PCR mixture of ammonia oxidizer like 
sequences as described in Chapter 5.
ure 1a. In the 4 108, 8 107 and 8 106 lanes only 
bands corresponding to N. briensis were de­
tected. The upper band in the N. briensis control 
also originates from N. briensis and can be ex­
plained as a PCR by-product due to the degener­
ate CTO primers (Kowalchuk et al. 1998). The 
lower DGGE position of this added competitor 
with respect to the migration of sequences al­
lows for good DGGE separations and compari­
son with indigenous. The 4 105 lane shows a band 
whose sequence belongs to Nitrosomonas clus­
ter 6a as confirmed by direct sequencing. The 
dilution of 8 105 cells of N. briensis added prior 
to DNA isolation and PCR amplification showed 
two 2 bands of comparable intensity correspond­
ing to a Nitrosomonas 6a sequence and N. 
briensis. Assuming equal amplification efficiency, 
this number should approximate the number of 
ß-ammonia oxidizers present in the sample. The 
DNA analysis with PCR-DGGE targeting the 
eubacterial domain showed a dom inant N. 
briensis band (Figure 1b, see arrow) which dis­
appeared in the lane of 8 107 cells inoculated N. 
briensis. The total number of bacteria present in 
the sediment was estimated at 2 .1109 cells/gdw 
by DAPI staining o f the supernatant after 
sonification of the sediment and counting by fluo­
rescent microscopy according to Starink et al.
(1996). The moisture content of the sediment was 
28%. The corrected estimate for the presence of 
Nitrosomonas cluster 6a would therefore be 
1.11106 cells/gdw or 0.05% of the total number 
of bacteria.
Figure 1b Eubacterial PCR and DGGE analy­
sis o f the dilution series 
M2 is a PCR mixture of various bacterial se­
quences as described by Zwart et al. (1998).
Molecular analysis ofthe diffusion chambers
The course of ammonia nitrite and nitrate 
concentrations in the chambers during incuba­
tion is summarized in Table 1. DNA isolation and 
PCR amplification of DNA isolated from the sedi­
ment in the diffusion chambers was performed 
with primers specific for ß-subgroup ammonia- 
oxidizer 16S rDNA (Kowalchuk et al. 1998). 
DGGE results are shown in Figure 2a. Codes in 
this figure indicate which bands have been 
sequenced. Retrieved sequence types are listed 
in Table 1 and shown in a distance tree in Figure 
3 together with a compilation of other sequences 
from previous studies. Sequences were submit­
ted to the EMBL database under accession num­
bers AJ245751- AJ245759.
Incubation time as well as treatment con­
ditions gave yield to different banding patterns. 
Amplification with the CTO primer-set can re­
sult in several bands originating from one se­
quence template, due to the degenerate bases in 
the forward and reverse primer (Kowalchuk et 
al. 1997). Only unique banding patterns from cut 
out, reamplified and DGGE analyzed bands were 
subjected to sequence analysis (Figure 2a).
Heterothrophic community analysis by 
bacterial domain specific PCR-DGGE is pre­
sented in Figure 2b. The orders of lanes corre­
spond to harvesting time as well as on treatment 
type. No detailed analysis is performed on this
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Table 1 Sequence retrieval and nutrient measurements ofthe columns
Concentrations of inorganic nitrogen and sequences of ammonia-oxidizing bacteria retrieved from 
microcosms filled with freshwater sediment and incubated in the presence of different amounts of 
ammonium and tryptic soy broth (TSB) or NaCl. Samples from the columns are coded according to 
incubation type (the number before the dot) and incubation times (the number after the dot).
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1.3 0.1 0.0 0.3* 0.3 0.7 0.8* + +
2.1 10mM 2.2* 1.3* + +
2.2 ammonium 2.2 0.0* 0.2 0.1* +
2.3 0.1 0.0 0.0* 1.4 0.2 0.1* +
3.1 1mM 1.0* 2.5* + +
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4.1 0.1mM 0.0* 0.2* + +
4.2 ammonium 0.0 0.0* 0.1 0.1* +
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Inorganic Nitrogen concentrations in the harvested columns
figure but the gel indicates bacterial community 
changes between treatments after one month 
compared to the initial pattern. Also after one 
month, these patterns suggest a decrease in the 
species evenness of the bacterial community in 
the treatments.
Enrichment ofsequences of ß-ammonia-oxidiz- 
ing bacteria in the diffusion chambers
The inoculated species sequences belong­
ing to Nitrosomonas marina and Nitrosospira 
briensis were not recovered from any of the 
chambers. DGGE lane 0.0 containing the 480bp 
products of the inoculated sediment showed only 
sequences belonging to Nitrosomonas eutropha 
and Nitrosomonas europaea. Nitrosomonas 
eutropha was also found with 0.1mM ammonium 
treatment after one month in the chamber 4.1 and
in the chamber with the high salt and 1.0mM 
ammonium treatment (5.1), also after one month. 
Nitrosomonas urea sequences were recovered 
after two months from the chamber with 10mM 
supplied ammonia. N. urea sequence types were 
also recovered from the three months 0.1mM 
ammonium treatment chamber (lane 4.3). N. 
europaea sequence types were recovered from 
chambers 4.1, and 4.2 after one and two months 
respectively, with 0.1mM ammonium supply, 
from chamber 2.1 after one month with 10mM 
ammonium and from chamber 3.1 receiving 1mM 
ammonium plus TSB. Most of the sequences re­
covered from the chambers belonged to the 
Nitrosomonas cluster 6a clade. The most com­
monly recovered sequence was designated 6a3. 
This sequence was found in chambers with 1mM 
ammonium treatment after two and three months,
*
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Figure 2a ß-subgroup ammonia-oxidizing bacterial specific PCR and DGGE analysis 
The chambers were sorted on treatment type and on time lapse. The lane numbers indicate the 
treatment type and the incubation time respectively, corresponding to Table 1. The codes given on 
the position of the sequenced bands correspond to the sequence types included in Figure 3.
#  0.0 0.3 1.1 2.1 3.1 4.1 5.1 1.2 2.2 3.2 4.2 5.2 1.3 2.3 3.3 4.3 5.3 #
Figure 2b PCR and DGGE ofthe eubacterial population
The chambers were first sorted in time lapse and next on treatment type. Lane numbers indicate the 
treatment type and the incubation time respectively, as presented in Table 1.
and the 1mM plus TSB treatment in each sam­
pling month. Sequence type 6a1 was found in 
two different chambers at different times (cham­
bers 1.2, 4.3). Sequence 6a2 was only recovered 
once from a 1mM ammonium chamber. 6a4 was 
recovered twice, once from the 1mM ammonium 
chamber after three months and once from the 
1mM ammonium plus TSB chamber after two
months. But in both cases the 6a3 sequence type 
was also present. Sequence type 6a5 was recov­
ered once from chamber 1.2 in coexistence with 
6a1, 6a3 and 6c.
Sequences belonging to a new cluster, 
designated here as 6c, were recovered from the 
10mM ammonia treatment chamber after one 
month which also exhibited the presence of N.
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Figure 3 Phylogenetic tree
Placement of the recovered sequences among other ß-subgroup ammonia-oxidizing bacteria and 
previously recovered sequences from the environment. Determined sequences in this study are printed 
bold and codes correspond to the bands from Figure 2a.
europaea. This sequence-type 6c was also recov­
ered from the 1mM ammonium treatment cham­
ber after two months, together with 6a1, 6a3 and 
6a5. 6c was also the only ammonia oxidizer-like 
sequence recovered from three month 10mM 
ammonium treatment and from the last chamber 
with the increased salt addition.
Discussion
According to DNA analysis in combina­
tion with DAPI counting, the abundance of am­
monia-oxidizing bacteria in the freshwater sedi­
ment of Lake Gooimeer was approximately 
0.05% of the total eubacterial community. PCR- 
DGGE using bacterial domain specific primers
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is in agreement with this result and would esti­
mate ammonia-oxidizing bacteria to represent 
less than 4% of the total bacteria present. It 
should be taken into account that biases from 
DNA isolation and PCR can be of potential in­
fluence on the outcome of the estimation. Natu­
ral abundant bacteria can be more resistant against 
cell lysis in the DNA isolation procedure due to 
particle attachment. In addition, DNA isolation 
efficiency may differ between the naturally abun­
dant Nitrosomonas organisms and the inoculated 
N  briensis cells. This may result in an under- or 
overestimation of the natural abundant sequences. 
Preferential amplification and the inclusiveness 
of the primers in PCR-based experiments can also 
be of serious influence. The CTO primer set used 
in this study is designed on the basis of a large 
database of sequences from cultured representa­
tives, and cloned sequences retrieved from vari­
ous environments (Kowalchuk et al. 1998). It is 
well suited to amplify ß-subgroup ammonia- 
oxidizers (Utâker et al. 1998). However prefer­
ential amplification should be taken into account 
given that the CTOr primer has a single mismatch 
with cluster 6a sequence types (Chapter 2). This 
may lead to an underestimation of the actual se­
quence targets in the environment. Inoculation 
of the chambers was performed assuming a natu­
ral abundance of1.1 • 106 cells/gdw Nitrosomonas 
6a sequence types and the cultured cells were 
mixed with the sediment approximately four times 
this number. During the manipulations, the sedi­
ment was continuously flooded and it was as­
sumed that during the sampling, the mixing and 
the experimental set-up, the moisture content of 
the coarse sand did not change. The DNA analy­
sis of the inoculated sediment in Figure 2a lane 
0.0 at time zero, only revealed bands of N. 
europaea and N. eutropha. This can be a result 
of biases in DNA isolation, preferential amplifi­
cation or preliminary underestimation of the natu­
ral abundance of the Nitrosomonas sequence 
types.
Differences among treatments were al­
ready apparent based on the NH4+ and NO2- plus 
NO3- analysis. Accumulation of nitrate plus ni­
trate concentrations in the aqueous layer indi­
cates nitrification activity. Oxygen, necessary for
the process of nitrification in the sediment, was 
available by diffusion from the aqueous layer 
above the sediment and from the influx of the 
oxygenated basic medium. Oxygen production 
by benthic algae was prevented by incubation of 
the chambers in the dark. Light can also be in­
hibiting for the ammonia oxidizers (Hooper and 
Terry 1974). In general, cells from the five pure 
cultures inoculated into the freshwater sediment 
performed less in the diffusion chambers than the 
indigenous ammonia oxidizers.
The recovery of different 6a sequence 
types in different chambers indicated a higher 
diversity within this sequence cluster than previ­
ously thought (Chapter 2). The recovery of 
unique novel sequences (or DGGE positions) 
from multiple chambers suggests the presence of 
different operational taxonomic units (OTUs) and 
not multiple gene copies or PCR artifacts. On 
the other hand, the sequences within cluster 6a 
are too closely related with respect to their 16S 
rDNA sequence to describe them as different 
species. Full length sequencing of the 16S rDNA 
gene or amoA gene might provide additional data 
for identification of these closely related OTUs. 
The newly found sequences support the exten­
sion of the phylogenetic tree of the ß-subgroup 
am m onia-ox id izing  b acte ria  w ith  a new 
Nitrosomonas cluster, designated 6c, as indicated 
in Figure 3. The new sequences retrieved in this 
study have no cultured representatives, but can 
be enriched from natural communities of ß-sub- 
group ammonia-oxidizers under certain condi­
tions and may therefore represent physiologically 
different sequence types.
Some community shifts in the chambers 
occurred within one month of incubation. This 
indicates a rapid response of the ammonia- 
oxidizers to the changing environmental condi­
tions. The sequence-type 6a2 may be similar to 
clone Vm10 which was previously recovered 
from freshwater lake Veluwemeer (Chapter 2). 
6c is an sequence-type which occurs in cham­
bers at elevated levels of ammonia (10mM) or 
salt and is closely related to sequences Ws26 and 
Band7-96.2, previously recovered from a eu­
trophic estuary (Chapter 2, Chapter 5) and ap­
pears to be adapted to eutrophic and marine en­
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vironments. Ecotypes 6a1, 6a3, 6a4 and 6a5 were 
not previously recovered from the environment, 
but they possibly can play an important role in 
changing or stressed freshwater environments.
These results indicate the widespread 
potential of ammonia-oxidizing communities to 
adapt to environmental parameters like high car­
bon, salt and ammonium input. Replicas of treat­
ments would yield more information about the 
ecological niches among ß-subgroup ammonia- 
oxidizing bacteria populations in freshwater 
sediments. With this study we showed a method 
to study the dynamics of natural abundant ß-sub- 
group ammonia-oxidizers under different (stress) 
conditions in a laboratory experiment. The com­
munity changes observed, revealed sequences 
that were closely related to sequences recovered 
from other natural environments before. The re­
covery of these sequences in the laboratory ex­
periment after a number of months, presents the 
possibility to study the physiological differences 
of environmentally relevant ammonia-oxidizers.
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General discussion
Genotypic analysis of ammonia-oxidizing 
bacteria in the environment
Initially, the characterization of ammonia- 
oxidizing bacteria in the environm ent was 
conducted by culture isolation. Before the era of 
molecular analysis it was thought that some 
genera were omnipresent, whereas others were 
thought to be specific to certain habitats (see 
Table 1). The use of molecular tools led not only 
to a new classification scheme for ammonia- 
oxidizing bacteria, but also to new insights in the 
distribution of species in specific environments. 
Ammonia-oxidizing bacteria were enriched from 
a variety of environments. 16S rDNA analysis of 
these enrichments indicated a high richness and 
a more complex distribution of species over 
specific habitats like soil, seawater and sewage 
(Koops et al. 1991, Head et al. 1993, McCaig et 
al. 1994, Stehr et al. 1995, Utâker et al. 1995, 
Pommerening-Röser et al. 1996, Suwa et al.
1997). However, these culture-dependent studies 
were not sufficient for community analysis of 
specific environments. Based on the molecular 
data retrieved from these culture and enrichment 
studies, techniques were developed for the direct 
analysis of am m onia-oxidizing community 
structure in various environments.
Using sequence information from clone 
libraries and culture strains, Kowalchuk et al.
(1997) designed prim ers for the specific 
amplification of ß-subgroup ammonia oxidizer­
like 16S rDNA from sand dune soils. PCR 
products were further analyzed by DGGE to gain 
further insight into the community structure. With 
this gel technique, PCR products are separated 
on sequence and the resulting banding pattern is 
a reflection of the diversity of the ammonia- 
oxidizing bacteria present. DGGE bands were 
excised and partial 16S rDNA sequences were 
determined. The original sand dune samples 
differed in their pH and distance from the sea. 
The m olecu lar stra tegy  revealed  the 
omnipresence of Nitrosospira cluster 1 to 4-like 
sequences although there were differences
between the Nitrosospira populations within the 
gradient. Nitrosomonas clusters 5 and 6 like were 
only found at the seaward dune site. The effect 
o f pH was also studied at an experimental 
agricultural site using clone libraries (Stephen et 
al. 1996). The results of this study indicated the 
presence of Nitrosospira clusters 2, 3 and 4 and 
Nitrosomonas cluster 6a in soil samples ranging 
from pH4-pH7. This result provided the basis for 
the design of cluster-specific probes to detect 
these clusters. Probe use was combined with 
DGGE to detect a relative increase in the 
presence of Nitrosospira cluster 2 presence in 
more acidic samples (Stephen et al. 1998). Also 
in clone libraries from bacterial directed PCR 
amplifications, a small number of Nitrosomonas- 
and Nitrosospira-like sequences have been found 
(Borneman et al. 1996). Agricultural loamy soils 
investigated by amoA gene analysis revealed 
Nitrosospira-like strains to be dominant (Stephen 
et al. 1999).
Various aquatic environments have also 
been targeted  for com m unity analysis of 
ammonia-oxidizing bacteria. Seawater has been 
analyzed with amoA gene-directed primers and 
the sequence o f the known Nitrosococcus 
oceanus, a strict marine strain (Sinigalliano et al.
1995) was retrieved. A 16S rDNA-directed 
nested PCR approach has also been used for 
analyzing seawater (Ward et al. 1997). This study 
used a positive or negative amplification strategy 
with different primer-sets and sequence cluster 
level analysis was therefore not possible. No 
Nitrosomonas europaea-like sequences could be 
detected in seawater. Clone libraries have been 
constructed from m arine environments. In 
addition to Nitrosomonas sequences (clusters 5 
and 6), sequences related to Nitrosospira cluster 
1 were detected for the first time (Stephen et al.
1996). Other approaches have been used to study 
ammonia oxidizers in the watercolumn of marine 
environments (Phillips et al. 1999). Clone libraries 
were created from 16S rDNA-directed nested 
PCR products and clones were screened with 
probes specific for Nitrosomonas or Nitrosospira
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Tablel Distribution ofammonia-oxidizing species
Based on data before the age of molecular environmental analysis, after Watson et al. (1989).
Soils Freshwater Oceans Sewage Stone
Nitrosomonas + + + + +
Nitrosococcus + + + + +
Nitrosospira + + +
Nitrosolobus +
Nitrosovibrio + +
lineages. Sequencing of clones suggested that 
Nitrosospira cluster 1 organisms live free in the 
watercolumn, whereas particles were dominated 
by Nitrosomonas eutropha-related sequences 
(Phillips et al. 1999).
Analyses of freshwater samples were also 
performed (Ward et al. 1997) indicating the 
presence o f Nitrosomonas eu ropaea-like  
sequences. A different 16S rDNA-directed nested 
PCR approach was used in analyzing lake 
sediments (Hastings et al. 1998). Hybridization 
of the nested PCR products with specific probes 
indicated the dominance of Nitrosospira- like 
sequences (Hastings et al. 1998). This was in 
contrast to by the results found when using clone 
libraries constructed from several lake sediment 
locations (Chapter 2). These clone libraries 
suggest the dominance of a Nitrosomonas cluster 
6a type in eutrophic freshwater environments. 
The sequences retrieved from these libraries also 
indicated that previously used primers and probes 
were probably not appropriate to detect this 
potentially dominant sequence cluster. A separate 
analysis o f freshw ater environm ents was 
performed using a clone library generated with 
amoA gene- directed PCR and indicated the 
presence of Nitrosomonas-like amoA sequences 
present (Rotthauwe et al. 1997). In contrast, 
analysis of sediments from the oxygenated root 
zone of emergent macrophytes in freshwater 
environm ents suggested the dominance of 
Nitrosospira-like sequences as indicated by 
sequencing of DGGE bands of nested PCR 
products (Kowalchuk et al. 1998) and by a clone 
library from amoA directed PCR (Rotthauwe et 
al. 1997).
Analysis of arable soil plots indicated the 
dominance of Nitrosospira (Hastings et al. 1997). 
Nitrosomonas was only detected with high loads 
of fertilizer. Again the primers used were probably 
unable to amplify Nitrosomonas cluster 6a-like 
sequences. Analysis of composted materials 
indicated the presence of Nitrosospira clusters 3 
and 4 and less active populations Nitrosomonas 
cluster 6 (Kowalchuk et al. 1999) In the same 
study Nitrosomonas cluster 7 was only detected 
in a activated sludge sample. A nalysis of 
w astew ater showed the om nipresence of 
Nitrosomonas-like sequences (Prinçiç et al.
1998). A hierarchical set of probes was developed 
for fluorescent in situ hybridization (FISH) 
(Wagner et al. 1996, Mobarry et al. 1996) to 
indicate numbers and describe community 
structures of ammonia-oxidizing bacteria in 
bioreactors. However, the use of FISH has until 
now been restricted to samples were nitrification 
activity and number of ammonia oxidizers are 
high. The cluster-based approach has not been 
applied to reactor and biofilm environments 
characterized by FISH, therefore it is not yet 
possible to determine the compatibility of the two 
strategies. Based on FISH, Nitrosomonas species 
appear to be the m ost dom inant ammonia 
oxidizers in activated sludge and biofilm samples 
(Wagner et al. 1995, Schramm et al. 1996, 
M obarry et al. 1996). In ano ther study, 
hierarchical probing w ith FISH  indicated 
Nitrosococcus mobilis to be dominant in activated 
sludge (Juretschko et al. 1998), but this species 
is now classified within the Nitrosomonas genus. 
In seawater aquaria, Nitrosomonas europaea and 
related phylotypes appear to be present at high
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numbers, which was not the case in freshwater 
aquaria (Hovanec et al. 1996). However, the 
prim ers used showed m ism atches w ith 
Nitrosomonas cluster 6a-like sequences and 
probably would not amplify such target organisms 
in these aquaria.
Other types of probe analysis have been 
perform ed on communities, but these only 
indicated the presence of ammonia-oxidizing 
bacteria and gave no details with respect to the 
am m onia-ox id izing  bacteria l com m unity 
structure (Holben et al. 1998, Bruns et al. 1998).
• The analysis o f amoA clones detected 
sequences closely related to Nitrosomonas 
europaea. These sequences were not detected 
with the 16S rDNA analysis, suggesting a bias in 
at least one of the two approaches.
• The amoA target has a greater discriminative 
capability and is a better tool for distinguishing 
between closely related ammonia-oxidizing 
bacteria. Evolutionary relationships of AMO and 
16S rRNA genes among ammonia oxidizers 
appear to be similar.
Main conclusions of this thesis
• Nitrosomonas cluster 6a sequence types 
are present in freshwater habitats and are probably 
dom inant w ithin the community o f the ß- 
subgroup ammonia-oxidizing bacteria based on 
16S rDNA analysis. This newly found sequence 
type was not previously detected in freshwater 
environm ents, presum ably due to prim er 
incompatibility. These results contradict former 
conclusions on the dominance of Nitrosospira in 
freshwater environments.
• Microdiversity within the Nitrosomonas 6a 
cluster may be partially due to sequence artifacts 
introduced by PCR and cloning procedures. A 
clone library created from a multiple competitive 
PCR, amplifying closely related sequences, 
produced clones with artifacts at a rate of at least 
13%. This knowledge should be taken into 
consideration when describing operational 
taxonomical units and developing probes.
• Ammonia monooxygenase (AMO) gene 
analysis of freshwater environments confirms the 
results gained with the 16S rDNA approach on 
the dominance o f Nitrosomonas cluster 6a 
sequences among ß-subgroup ammonia oxidizers 
in freshw ater environments. All recovered 
sequence types fall within the Nitrosomonas 
lineage and most of them are clustering with the 
Nitrosomonas urea AMO sequence.
• The use of diffusion chambers (microcosms) 
for studying the dynamics of ammonia-oxidizing 
bacteria in freshwater sediments, is a promising 
approach. The diffusion chamber enrichments 
suggest the presence of a variety of closely related 
Nitrosomonas cluster 6 sequences, which may 
represent physiological distinct sequence-types 
of ß-subgroup ammonia oxidizers present in 
freshwater sediments.
• Based on DGGE analysis of PCR amplified 
16S rDNA, the microdiversity of sequences 
recovered from freshwater sediments can partially 
be explained by the presence of closely related 
populations in addition to the errors introduced 
by PCR and cloning.
• One new ly designated  sequence-type 
Nitrosomonas 6c, which was enriched from lake 
Gooimeer sediment at high salt concentrations 
or at 10mM ammonia, was similar to sequences 
recovered from an environmental analysis of an 
eutrophic estuary. These enrichments are in 
accordance with the general notion that all 
bacteria are everywhere but the environment 
selects.
• Environmental analysis of a dynamic estuarine 
ecosystem  shows the adap ta tion  o f the 
community of ammonia oxidizers over a gradient 
of ammonium, oxygen availability and salinity. 
Dominance of Nitrosomonas cluster 6a sequence- 
type in the freshwater zone is in agreement with 
the studies on freshwater lake systems.
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General discussion
Perspective
In this thesis, a large diversity among 
ammonia-oxidizing bacteria of the ß-subgroup 
of the Proteobacteria in freshwater and other 
habitats was investigated. The diversity of know 
ammonia-oxidizing bacteria was extended to 
include a novel Nitrosomonas-like sequence that 
apparently dominates the ammonia oxidizer 
community of such habitats. That these findings 
contradict some previous studies illustrates the 
perils of molecular base analyses. Given that 
prim ers and probes are based upon known 
sequence information, one must remain open to 
the possibility of missing unknown sequence 
groups when analyzing microbial communities in 
the environment. Therefore several approaches 
should be applied simultaneously to solidify the 
results. The use of the functional gene marker 
amoA, strengthens the results obtained with 16S 
rDNA analyses in this thesis. The 16S rDNA ß- 
subgroup ammonia oxidizer specific primers 
which were used have been designed from a large 
library of sequences containing known cultures 
and environmental clones. Although these primers 
can still miss unknown environmental sequences, 
its inclusiveness appears to be adequate for most 
environm ents tested  to date. H ow ever,
physiological and hence ecological differences 
between o f clusters o f am m onia-oxidizing 
bacteria have still to be unraveled, but suggestive 
evidence continues to accumulate.
F uture research  in the analysis of 
nitrifying bacteria should be focussed on the use 
of functional genes. Functional genes represent 
an ecological role and can tell more about 
adaptation of species to the specific environment 
and can be more informative than detecting new 
unknown species with 16S rDNA analysis. In 
addition, RNA-based analysis could also be more 
widely applied as an indication of activity of 
nitrification  genes. M icroscopic detection 
methods like fluorescent in situ hybridization of 
rRNA directed probes or the use of fluorescent 
monoclonal antibodies against products of 
functional genes should be improved for direct 
de tection , enum erating  and structure  
determ ination o f these bacteria  and their 
comm unities in their natural habitats. The 
coupling of molecular data with the physiological 
parameters that govern the ecology of ammonia- 
oxidizing bacteria, remains a key focus for future 
experiments.
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Summary
Summary
Chemolithotrophic nitrification is the oxidation of ammonia to nitrate via nitrite. This process 
is essential in global nitrogen cycling. Nitrification is of interest in environmental research since 
increased nitrogen input by agriculture and industry leads to acidification, eutrophication, enhanced 
nitrate concentrations in surface and ground waters and elevated emissions of greenhouse gasses. 
On the other hand, the process initiates the removal of excess nitrogen compounds in wastewater 
treatment systems. It is our goal to gain knowledge about the distribution and eco-physiology of 
nitrifying bacteria in natural environments. The first step in chemolithotrophic nitrification is the 
oxidation of ammonia to nitrite, performed by ammonia-oxidizing bacteria. Ammonia oxidation is 
thought to be the bottleneck or rate-limiting step in the nitrification process, making the ammonia- 
oxidizing bacteria to key organisms. This thesis has mainly been focussed on the analysis of 
communities of ammonia-oxidizing bacteria in aquatic environments. Ammonia-oxidizing bacteria 
are notoriously refractory to laboratory culture. To bypass time-consuming and selectivity problems 
of culture-based techniques, direct analysis of samples by molecular biological methods has been 
applied.
The introduction describes the phylogeny of nitrifying bacteria and the different molecular 
techniques used for detecting ammonia oxidizers.
Chapter two describes the molecular analysis of ammonia-oxidizing communities in freshwater 
environments in the Netherlands. A 16S rRNA gene-directed PCR and cloning method was adopted 
to analyze the community structure of ammonia-oxidizing bacteria o f the ß-subgroup of 
Proteobacteria. The sequences recovered from several locations revealed a tight clustering of 
Nitrosomonas-like sequences that includes the culturable representative Nitrosomonas urea. The 
sequences do not match some primers and probes previously published, which may explain why 
these sequences were never recovered before from freshwater environments. The sequence diversity 
within this cluster is minimal and no patterns of distribution in freshwater sediments were indicated 
with respect to depth or location.
Chapter three describes the biases that can be introduced by the use of molecular methods in 
analyzing environmental samples. In a controlled experiment, a mixture of known 16S rDNA 
Nitrosomonas-like sequences was subjected to PCR and cloning. Analysis of the clone library revealed 
newly formed sequences which differed from the sequences in the original mixture. Taq polymerase 
errors, chimera forming in the PCR reaction and heteroduplex repair of E.coli in the cloning procedure 
can create new sequences. Within this new clone library at least 13% of the clones contain sequence 
artifacts introduced by the molecular biological procedures. This may partially explain the 
microdiversity of ammonia-oxidizer-like sequences retrieved from environmental analysis. The origin 
of the introduced artifacts should be taken in consideration by primer and probe design and in 
phylogenetic analysis.
Chapter four describes the environmental analysis of freshwater environments among other 
habitats, using a functional gene-directed approach. The ammonia monooxygenase (AMO) is 
responsible for the oxidation of ammonia to the intermediate hydroxylamine. Previously designed 
primers were used for the specific amplification of amoA genes from ß-subgroup ammonia-oxidizing 
bacteria and clone libraries were created from these PCR products. The high diversity among amoA 
sequences allows screening of the clone libraries by restriction analysis. Sequences recovered from 
the clone libraries confirmed the dominance of Nitrosomonas-like sequences in freshwater 
environments. Furthermore, results from sewage and terrestrial enrichment samples were comparable 
with other published results. The AMO gene approach appeared to be more discriminative than the 
16S rRNA gene approach. This AMO gene seems suitable for phylogenetic study of ammonia- 
oxidizing bacteria and the analysis of their communities.
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Chapter five describes the distribution of ß-subgroup ammonia oxidizer-like sequences across 
the Schelde estuary with specific 16S rDNA analysis. DGGE gels were hybridized with a hierarchical 
set of oligonucleotide probes for identification and quantification of DGGE bands. A dominance of 
Nitrosomonas-like sequences was detected for all environmental samples. A community shift between 
different Nitrosomonas-like groups was observed with the observed gradients in salinity, O2 and 
ammonium in the estuarine region. These results suggest that physiologically distinct Nitrosomonas- 
like groups may be differentially selected by the environmental conditions encountered along the 
estuary.
Chapter six describes the application of diffusion chambers in an attempt to study the dynamics 
of the environmentally important Nitrosomonas-like sequences recovered previously from freshwater 
environments. Lake sediment was subjected to incubation under different conditions with respect to 
ammonium, carbon and salt input. After different incubation periods, the diffusion chambers were 
harvested and subjected to specific 16S rDNA-directed PCR and DGGE analysis of ammonia-oxidizing 
bacteria. Direct sequencing of DGGE bands revealed the phylogenetic placement of the enriched 
sequences. Closely related Nitrosomonas cluster 6 sequences were recovered with different levels of 
ammonium input. DGGE analysis suggested different operational taxonomical units or sequence- 
types and no heterogeneity of16S rDNA within a species, since sequences could be enriched separately. 
Also a new Nitrosomonas sequence-type 6c was recovered with inputs of10mM ammonia and high 
salt. This new sequence-type was similar to sequences recovered from environmental analysis of a 
eutrophic estuary (chapter 5). The use of diffusion chambers is a promising alternative to batch and 
continuous culturing for the study of eco-physiological characteristics of naturally occurring ammonia 
oxidizers.
In the seventh chapter, a synthesis is given of the distribution of ammonia oxidizers in different 
habitats as analyzed with several molecular techniques in former studies. The use of molecular 
techniques in environmental analysis revolutionizes our view of the phylogeny and distribution of 
ammonia-oxidizing bacteria. It should be noted that the incompleteness of these techniques should 
be considered. But the simultaneous use of different molecular approaches can consolidate results of 
community analysis. Further attempts should be made to couple molecular data to physiological 
parameters for understanding the ecology of ammonia-oxidizers in the environment and in the 
nitrification process in general.
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In de stikstofcyclus is nitrificatie de biologische oxidatie van ammonium (NH4+) naar nitraat 
(NO3-) via nitriet (NO2-). Deze omzettingen worden veroorzaakt door micro-organismen, voornamelijk 
de chemolitho-autotrofe bacteriën. Deze nitrificerende bacteriën halen hun energie uit de oxidatie 
van ammonium of nitriet (chemolithotroof) en kunnen groeien op koolstofdioxide (CO2) als enige 
koolstofbron (autotroof). Onder normale natuurlijke omstandigheden wordt het gevormde nitriet en 
nitraat opgenomen in de microbiële stikstofcyclus. Ook planten kunnen nitriet en nitraat opnemen 
als stikstofbron.
De interactie van nitrificerende bacteriën met andere bacteriën en planten in hun natuurlijke 
leefomgeving en hun rol in de stikstofcyclus zijn onderdeel van fundamenteel ecologisch onderzoek. 
Milieu-aspecten die verbonden zijn aan het nitrificatieproces maakt dit ook een onderwerp voor 
toegepast wetenschappelijk onderzoek. Landbouw en industrie zorgen voor een hoge depositie van 
stikstofverbindingen in de omgeving door overbemesting en lozing van afval. Deze verhoogde 
concentraties van stikstofverbindingen (onder andere ammonium) leiden tot een toename van de 
nitrificatie. Het gevolg is verzuring, eutrofiering, verhoogde nitraatconcentratie in oppervlakte en 
grondwaters en ook opwarming van de aarde. Dit komt doordat bij het nitrificatieproces zuur en 
nitraat vrijkomen. Daarnaast kunnen de bacteriën onder zuurstofarme omstandigheden bijproducten 
vormen zoals de broeikasgassen stikstofoxide (NO) en distikstofoxide (N2O). N2O is ook betrokken 
bij de afbraak van de ozonlaag. Aan de positieve kant van het nitrificatieproces staat haar toepassing 
in de afvalwaterzuivering. In een gecontroleerd proces speelt de nitrificatie een rol bij de afbraak van 
organische stikstofverbindingen.
De eerste stap in de nitrificatie, de oxidatie van NH4+ naar NO2-, wordt uitgevoerd door de ammonium- 
oxiderende bacteriën. Ammoniumoxidatie is de snelheidsbepalende stap in het nitrificatieproces, en 
dit maakt de ammonium-oxiderende bacteriën tot de sleutelorganismen van dit proces. Dit proefschrift 
is voornamelijk gericht op de studie van de verspreiding van de verschillende soorten ammonium- 
oxiderende bacteriën in natuurlijke leefomgevingen.
A m m onium oxideerders zijn  a fhankelijk  van m ilieuom stand igheden  zoals 
ammoniumconcentratie, zuurgraad, zuurstofbeschikbaarheid, zoutconcentratie en koolstofgehalte. 
De samenstelling van een leefgemeenschap van verschillende soorten ammoniumoxideerders zal 
afhankelijk zijn van deze milieu-parameters in de leefomgeving en de aan- of afwezigheid van bepaalde 
soorten kan ons waarschijnlijk meer vertellen over de kwaliteit van die leefomgeving. Andersom 
kunnen gemeten parameters van de leefomgeving ons meer vertellen over de ecofysiologie van 
inheemse ammonium-oxiderende bacteriën. Het grote nadeel aan ammonium-oxiderende bacteriën 
voor onderzoek is dat ze zeer langzaam of helemaal niet groeien onder laboratoriumomstandigheden. 
Daarnaast voldoen morfologische kenmerken niet om ze met de gewone lichtmicroscoop te 
onderscheiden van andere bacteriën. Dit betekent dat onderzoek aan natuurlijke monsters erg moeilijk 
is met behulp van conventionele kweektechnieken en de microscoop. Hierom zijn moleculair 
biologische technieken ontwikkeld. Vanuit DNA- en RNA-isolaties van natuurlijke monsters kunnen 
soorten worden gedetecteerd. De samenstelling van een leefgemeenschap kan worden onderzocht 
door middel van DNA-amplificatie (PCR) gevolgd door gelelectroforese technieken (o.a. DGGE) 
of klonering en uiteindelijk de sequentiebepaling van het DNA.
In de inleiding wordt beschreven welke soorten nitrificerende bacteriën er bekend zijn en 
worden verscheidene moleculair biologische technieken voorgesteld om ze te detecteren en 
identificeren. Ammoniumoxideerders vallen onder het geslacht Nitrobacteraceae en zijn onder te 
verdelen in twee klassen. De ß- en de g-subklasse van de Proteobacteria. De ß-subklasse 
Proteobacteria ammonium oxideerders kunnen weer onderverdeeld worden in de subgroepen
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Nitrosomonas en Nitrosospira. Gebaseerd op DNA onderzoek aan ribosomale genen heeft 
Nitrosomonas minimaal nog 3 subgroepen (sequence clusters) en Nitrosospira minimaal 4. Omdat 
er geen gekweekte bacteriestammen van al deze clusters zijn, kunnen we niet spreken van soorten 
maar van sequentie-typen.
In het tweede hoofdstuk worden DNA analyses beschreven die gericht zijn op het universele 
ribosom ale gen (16S) van ß-subklasse ammonium oxiderende bacteriën in verschillende 
zoetwaterecosystemen. Het resultaat duidt erop dat er een dominantie is van een tot nu toe nog 
onbekend sequentiecluster 6a, vallend binnen de groep Nitrosomonas. De resultaten geven ook aan 
dat andere studies dit type waarschijnlijk niet hadden kunnen detecteren vanwege hun afwijkende 
moleculair-biologische benadering.
In het derde hoofstuk worden moleculair-biologische technieken onder de loep genomen. 
Het blijkt dat deze technieken fouten introduceren in de DNA-analyses. Hoewel het effect van deze 
fouten niet direct tot andere opvattingen leidt, moet hiermee in de toekomst rekening gehouden 
worden met het toekennen van sequentie-typen, en het ontwikkelen van detectietechnieken van 
sequentie-typen.
De resolutie van 16S genen analyse aan ammoniumoxiderende bacteriën kan wel eens te 
kort schieten. In het vierde hoofdstuk zijn analyses uitgevoerd door middel van het functionele gen 
coderend voor ammonium monooxygenase (AMO). Dit gen heeft meer genetische variatie dan het 
ribosomale gen. Deze AMO analyses kunnen beter discrimineren tussen sequentie-typen van 
ammoniumoxideerders. Ook deze benadering bevestigt de dominantie van een Nitrosomonas type 
ammoniumoxideerder. Dit bevestigt de uitkomst van hoofstuk twee en spreekt de resultaten tegen 
van andere zoetwaterstudies waar Nitrosospira als dominant sequentie-type werd beschouwd.
Het vijfde hoofdstuk beschrijft de analyse van leefgemeenschappen van ammonium oxideerders 
in een gradiënt van stikstof, zuurstof en zout in het Schelde estuarium. Uit deze studie volgt ook een 
dominantie van Nitrosomonas sequentie-typen. Een verschuiving in de samenstelling van Nitrosomonas 
sequentie-typen valt samen met de gradiënten in de Westerschelde. Deze resultaten suggereren dat 
de Nitrosomonas sequentie-typen kunnen verschillen in hun gedrag en dat de samenstelling van een 
gemeenschap zich aanpast aan de natuurlijke omstandigheden.
In het zesde hoofdstuk wordt gekeken naar het effect van fysiologische parameters op de 
diversiteit van de dominante Nitrosomonas cluster 6a sequentie-typen in zoetwatersystemen. 
Sedimenten van het Gooimeer werden in een microkosmos onderworpen aan verhoogde ammonium, 
koolstof of zoutconcentraties in een experiment met geïntroduceerde, kweekbare soorten 
ammoniumoxideerders. Na enkele maanden van incubatie blijkt dat er minimaal vijf verschillende 
Nitrosomonas 6a sequentie-typen verrijkt kunnen worden uit het sediment. Een zesde sequentie 
type Nitrosomonas 6c werd gevonden bij hoog zout- of ammoniumgehalte. Dit type is ook aangetroffen 
in de Westerschelde, een eutroof estuarium met een hoge stikstofinput. Hieruit blijkt dat ook voor 
ammoniumoxideerders geldt dat ze overal aanwezig kunnen zijn, maar de omgeving selecteert welke 
soorten groeien. De microkosmosmethode lijkt veelbelovend voor het bestuderen van natuurlijke 
ammonium-oxideerders.
Het laatste hoofdstuk geeft een synthese van studies over de verspreiding van ammonium­
oxideerders in verschillende ecosystemen. Het gebruik van DNA-technieken verheldert onze kijk op 
de soortenrijkdom en verspreiding van ammonium-oxiderende bacteriën. Maar de nadelen van DNA 
analyses blijven ons dwingen om verschillende technieken te combineren. Belangrijk blijft de koppeling 
tussen DNA-data en fysiologische parameters om de ecofysiologie van inheemse ammonium- 
oxiderende bacteriën beter te begrijpen en daarmee het nitrificatieproces.
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